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Preface

Structural Biology of the Complement System is devoted to a full exploration of the
structural aspects of the complement system, with special consideration of the links
between structure and function. The book provides a collective presentation and
classification of the available structures of complement components, regulators,
receptors, related proteins, and selected inhibitors. This publication is intended to
be both a comprehensive reference book for established researchers and an intro-
ductory volume for newcomers to the field of complement research. Its detailed
structural analysis will be useful for researchers whose goal is the discovery of
anticomplement drugs. The individual chapters have been written in a didactic style,
making the book an appropriate resource for students in the fields of immunology
and structural biology.

This project was the direct outgrowth of our realization that the time had come
for a publication on the structural biology of the complement system, given the
number of published three-dimensional structures of complement proteins. The idea
for this publication was formed at the International Complement Society XIX Inter-
national Complement Workshop in Palermo in 2002. Upon our return to the United
States, we responded to an earlier invitation by Marcel Dekker publishing house
and proceeded to solicit prospective contributors among leading authorities across
the disciplines of immunology and structural biology. The response was overwhelm-
ingly enthusiastic and encouraging in regard to pursuing publication. The contents
of the book were finalized at the Aegean Conference’s Second Workshop on Com-
plement Associated Diseases, Animal Models, and Therapeutics, in Mykonos in
2003. Both conferences had a heavy flavor of structural research, which was an
indication of the need for a publication that would fill the void in the literature
regarding the structure underlying the function of the complement system. To the
best of our knowledge, the Structural Biology of the Complement System is the first
publication of this type for complement research.

We are grateful to all the contributing authors for the time and effort they have
devoted to writing what we consider exceptionally informative chapters in a book
that is expected to have a significant impact on the field of immunology at large.
We thank Dr. Philippe Valadon for providing the molecular structure visualization
program RasTop, and Dr. Helen Berman, Director of the Protein Data Bank, for
giving us permission to use structure coordinate files (included on the accompanying
CD). Finally, we are grateful to our spouses, Gloria Gonzdlez-Rivera and Rodanthi
Lambris, for their patience and understanding during our late-evening writing and
editorial work. We also thank Gail Renard of the Taylor & Francis Group for her
supervision of the book production.



In closing, we would like to say that working with an international team of
expert authors to put together this book has been a unique experience. We have
enjoyed every aspect of the editorial process.

Dimitrios Morikis, Ph.D.
Riverside, CA

John D. Lambris, Ph.D.
Philadelphia, PA
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I. OVERVIEW

The complement was discovered more than a century ago (1895) and its proteins
were purified to homogeneity thereafter. However, the first three-dimensional struc-
ture of a complement component appeared in the literature in 1980. This was the
crystal structure of a fragment of human C3a and desArg-C3a by Huber et al.!
determined by x-ray diffraction. Subsequently, the solution structure of human C5a
derived from nuclear magnetic resonance (NMR) spectroscopy was published by
Zuiderweg et al. in 1989.2 In 1990, two three-dimensional structures of complement
proteins were deposited in the Protein Data Bank (PDB, then the Brookhaven PDB,
since renamed Research Collaboratory for Structural Bioinformatics; see
www.rcsb.org/pdb/).? These were the solution three-dimensional structures of porcine
desArg-C5a,* and the 16th module of human factor H.> We do not include published
structural studies dealing with only secondary structure determination by NMR that
were popular during that time, which coincides with the early steps of multidimen-
sional biomolecular NMR development. The number of deposited complement pro-
tein structures was 25 at the end of the 1990s, and increased to 56 at year-end 2003.
In addition, the structures of 2 complement inhibitors, 4 viral complement regulators,
and at least 12 complement-like proteins were deposited in the PDB at the end of
2003. Five of the complement or complement-related structures are low-resolution
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models; three were determined with the use of x-ray and neutron solution scattering
and two by cryoelectron microscopy. Not all of the deposited structures are unique
or complete. Some are complexes, multimers, fragments, domains or modules,
mutants, structures with various bound ligands or inhibitors, structures with various
sample or crystallization conditions (e.g., pH), structures of proteins crystallized in
various space groups, proteins from various species, or NMR structures deposited
twice as an ensemble of low-energy structures and an averaged minimized structure.
Several articles in the literature describe structure—function relations, based on the
deposited structures.

Now, for the first time, we have a critical and representative number of comple-
ment protein structures that provide insights into the structural biology of the com-
plement system. The goal of this book is to accomplish the task of collective
presentation in a single source for the available structures of complement compo-
nents, regulators, receptors, related proteins, and selected inhibitors, and to discuss
structure—function correlations. We hope that this publication will provide the basis
for additional theoretical work for researchers who are working (both experimentally
and theoretically) in the areas of protein dynamics, protein—protein interactions,
signaling, and design of inhibitors with potential to become therapeutic agents. We
believe that this publication will provide momentum and excitement for further work
in structure determination of complement proteins and protein complexes. Several
years of structural work are forecast, owing to the complexity and multiplicity of
complement interactions. Future studies will aid in obtaining a better picture of the
structure that underlies complement function.

Il. STRUCTURAL VIEW OF THE COMPLEMENT
ACTIVATION PATHWAYS

Table 1.1 presents a summary of atomic resolution complement structures deposited
at the PDB, together with their PDB codes, species, physical methods for structure
determination, and original references. All cascades of complement activation, the
alternative, classic, lectin, and common pathways, are structurally represented in the
PDB.

Figure 1.1 shows a representation of the protein—protein interactions involved
in complement activation. Initiation of complement activation occurs by the binding
of the C1 complex (Clgsrrs) to antigen—antibody complexes (classical pathway),
the binding of mannose-binding lectin (MBL) to carbohydrates on the surfaces of
pathogens (lectin pathway), and the spontaneous activation—inactivation reaction
(tick-over activation) of C3, generation of C3b, and binding of C3b to pathogen
surfaces (alternative pathway). Four enzymes called convertases are essential for
complement activation. These are C3 convertases C3bBb and C4b2a, and C5 con-
vertases C3bBb3b and C4b2a3b. Convertases are composed of fragments of C2, C3,
C4, and factor B. C2 and factor B are complement proteases. The role of convertases
is to cleave C3 and C5, generating anaphylatoxins C3a and C5a, and components
C3b and C5b that carry on the complement activation pathways. Functionally, the
end results of complement activation are (a) inflammatory response, which directs



The Building Blocks of the Complement System

TABLE 1.1

Structures of Complement Proteins Deposited with the Protein Data Bank

Proteina?

Clq

Clq

C3d

C3d (in complex
with CR2)

C3dg

C3dg

C4Adg

Csa

C5a-desArg

C8y

Clr zymogen,
SP-CCP modules

Clr-Clr zymogen,
SP-CCP-CCP
modules

Clr active catalytic
domain, SP-CCP
modules

Clr, EGF-like module

Cls, Catalytic domain,
SP-CCP

Cls, CUBI-EGF
domain

Factor B, SP domain

Factor B, VWF module

Factor D

MASP-2, CUB1-EGF-
CUB2

CR1 (CD35)

CR2 (CD21)
CR2 (CD21) (in
complex with C3d)

PDB Code Species

Nonprotease Complement Components

1PK6 Homo sapiens X-ray
1C28 Mus musculus X-ray
1C3D Homo sapiens X-ray
1GHQ Homo sapiens X-ray
1QQF Rattus norvegicus ~ X-ray
1QSJ Rattus norvegicus ~ X-ray
1HZF Homo sapiens X-ray
1KJS Homo sapiens NMR
1C5A Porcine NMR
1IW2 (pH 7), Homo sapiens X-ray

1LF7 (pH 4)

Complement Proteases

1MD7 Homo sapiens X-ray
1GPZ Homo sapiens X-ray
1IMD8 Homo sapiens X-ray
1APQ Homo sapiens NMR
1ELV Homo sapiens X-ray
INZI Homo sapiens X-ray
1DLE Homo sapiens X-ray
1QOP Homo sapiens X-ray
1DSU, 1HFD, Homo sapiens X-ray

1BIO, 1DFP,

1DIC, 1DST,

1FDP
INTO Rattus norvegicus  X-ray

Complement Receptors and Regulators

1GKG, 1GKN,  Homo sapiens NMR
1PPQ

1LY2 Homo sapiens X-ray

1GHQ Homo sapiens X-ray

Method

Reference

O 0 3

10
11
12

13

14

15

14

16
17
18
19

20
21-26

27

28,29

30

(continued)
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TABLE 1.1 (CONTINUED)
Structures of Complement Proteins Deposited with the Protein Data Bank

Protein*® PDB Code Species Method Reference
Factor H 1HCC, 1HFH, Homo sapiens NMR 5,31
1HFI
Factor H 1HAQ Homo sapiens X-ray and neutron 32

solution scattering
and homology

modeling
DAF (CD55) 1HO03, 1HO04, Homo sapiens X-ray 33,34
1H2P, 1H2Q,
10JV, 10JW,
10JY, 10K1,
10K2, 10K3,
10K9, 1UOT
DAF (CD55) INWV Homo sapiens NMR 35
DAF (CD55) 1M11, 1UPN Homo sapiens Cryoelectron 36,37
(in complex with an microscopy
echovirus)
MCP (CD46) 1CKL Homo sapiens X-ray 38
CD59 1CDQ, 1CDR, Homo sapiens NMR 39,40
1CDS, 1ERG,
1ERH

MASP-2, MBL-associated serine protease; MBL, mannose-binding lectin; CR1, complement receptor
1; CR2, complement receptor 2; DAF, decay-accelerating factor; MCP, membrane cofactor protein;
SP, serine protease; VWE, von Willebrand factor; CCP, complement control protein; EGF, epidermal
growth factor; CUB, complement-urchin-bone.

2We do not discriminate among fragments or components, homomultimers, presence of glycans, ions,
or other molecules, and amino acid insertions or deletions, but we indicate heterocomplexes and the
Cl1r-Clr dimer. A complete description of the structures can be found in the Protein Data Bank.?

® Additional entries of complement-related proteins and viral and semi-synthetic or synthetic comple-
ment inhibitors, reviewed in this volume, can be found on the companion CD.

Source: Protein Data Bank (www.rcsb.org/pdb/).

immune system cells and molecules at the points of infection; (b) opsonization, the
process of coating foreign pathogens for recognition and elimination by phagocytes;
(c) direct lysis of pathogen cells by disrupting the hydrophobicity of the lipid bilayers
of pathogen cell membranes; and (d) aid to the adaptive immune system by partic-
ipating in both T- and B-cell responses (acting as a link between innate and adaptive
immunity). In addition, complement prevents the formation of large immune com-
plexes and helps eliminate them from circulation, through the processes of opsoniza-
tion and phagocytosis. End proteins of complement action are C3a, C4a, C5a, C3b,
C4b, C3d, C4d, and C5b678(9), (MAC) (Figure 1.1).
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Complement activation pathways

Classical pathway Alternative pathway
Tick-over
Ag-Ab Ba Factor B activation
Comi'exes C2b C3(HO)Bb %CNHQ) <ic:3
C1gsrrs —— C1qgsrrs c2 i» C2a—p, Factor D
C3
csad
MBL-MASP ? MBL-MASP C4 —;b C4b CSE)
Pathogen . C4a D I .
cell surface FLu;;e v Flhu;: e
carbohydrates P Surface Surface P
C4b C3b S
bound bound Amplification
. C4b C3b loop
Lectin pathway 4—Factor B
4 Ba
<€4—Factor D
Common  CZ#bZa—»C3<4—C3bBb
pathway C3a<—l |
[¢—C3b > >
v v
C4b2a3b—» C54—C3bBb3b
Cba
C5b
C6 —Pl(— Cc7
C5b67
c8 —*— (C9),
C5b678(9),(MAC)

FIGURE 1.1 Cascades of complement activation pathways. All pathways (classical, lectin,
alternative, and common) are shown. The overline bars denote activated complexes.

Figure 1.2A shows the natural regulators of complement activation (RCAs) and the
complement components they act on. Complement regulation is important to direct
complement action against non-self agents and in essence to discriminate non-self from
self. When complement regulation breaks down, autoimmune conditions appear. Figure
1.2B shows schematically the stepwise processes of the regulation of the complement
system. Much of regulation of complement activation occurs on, but is not limited to,
the C3 convertase enzymes. Figure 1.3 shows the cell membrane-bound complement
receptors and the complement components that they interact with.

Figure 1.4 shows a graphical representation of the structures involved in com-
plement activation, albeit at coarse detail in terms of interactions, for those proteins
with available structures (Table 1.1). Figure 1.4 shows that several complement
proteins are modular and some are homo- or heteromultimers. Modules without
currently available structures are represented with simple geometric shapes in
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Complement regulators

A Regulated
Regulators
components
C1inh C1gsrrs
C4BP C4b2a, C4b
CR1 (CD35) C4b2a, C4b, C3bBb, C3b, iC3b
Factor H C3bBb, C3b, iC3b
Factor | C4b, C3b, iC3b
DAF (CD55) C4b2a, C3bBb
MCP (CD46) C4b, C3b
Carboxypeptidase N C3a, C4a, Cha
CD59 C5b678, C5b6789, C8, C9
B Ctinh
C1gsrrs —+T> Cir+Ci1s
Ci1q
CR1 CR1 + Factor |
C4BP C4BP + Factor |
DAF MCP + Factor |
C4b2a %» C4b %» C4d
2a C4c
CR1 CR1 + Factor |
Factor H Factors H + | CR1 + Factor |
DAF MCP + Factor|  Factors H + 1
4 4 , L 4
C3bBb » C3b » iC3b » C3dg
v v v
Bb C3f C3c
Carboxypeptidase N
C3a, C4a, Cha v v » desArg-C3a, desArg-C4a, desArg-Cba
Arg
CD59

C5b678, C5b6789, C8, C9 J%éb MAC

FIGURE 1.2 (A) Summary of regulators of complement activation (RCA) and their corre-
sponding regulated complement proteins or protein complexes. (B) Cascades of complement
regulation.

Figure 1.4. The same applies in the case of homomultimers, where only structures
of a single monomer are shown in Figure 1.4. Heteromultimers are not overlaid in
Figure 1.4, for simplicity. The choice of the interactions shown in Figure 1.4 was
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Complement receptors

Cell-bound | Interacting
receptors components
CR1 (CD35) C3b, iC3b, C4b
CR2 (CD21) iC3b, C3dg, C3d
CR3 (CD11b/18) | iC3b

CR4 (CD11c/18) | iC3b

C3aR C3a
C5aR (CD88) Cbha
C1gR C1q, MBL

FIGURE 1.3 Summary of cell membrane—bound complement receptors and their interacting
complement proteins.

based on the availability of structures when we were preparing this manuscript. Figure
1.4 does not discriminate fragments from whole proteins, nor does it depict sequence
alterations (e.g., mutations, additions, deletions), or the presence of solvent atoms,
ions, glycans, or other small molecules. Here we use the terms ‘domain’ and ‘module’
indiscriminately when this is appropriate, according to Campbell’s*? definition for
domains, modules, and repeats: “Domain is a compact structural unit in a protein; the
amino acid sequence need not be contiguous. Modules are a subset of domains; they
are contiguous in sequence, and are repeatedly used as building blocks in functionally
diverse proteins; they have identifiable amino acid patterns that can be described by
a consensus sequence. A repeat is a sequence unit that does not occur as a single copy;
several repeats are needed to form a superstructure.”* The following groups of com-
plement components (and their respective fragments or modules) are structural and
functional homologues: (Clr, Cls), (C2, factor B), (C3, C4), (C3bBb, C4b2a),
(C3bBb3b, C4b2a3b), and (C3a, C4a, C5a) (Figures 1.1 and 1.4).

Figure 1.5 shows a graphical representation of available representative structures
of RCAs and complement receptors, which interact with complement proteins. In
the case of proteins with several repeats of complement control protein (CCP)
modules, only the longest sequential fragment is shown in Figure 1.5. The CCP
modules are also known as short consensus repeat (SCR) modules.

A comprehensive review of CCP modules is given by Soares and Barlow in
Chapter 2. The discussion in Chapter 2 goes beyond structure and structure—function
correlations. Soares and Barlow provide a bioinformatics analysis of sequences and
structures, computational structural homology modeling, and evolutionary analysis
of CCP modules.

The classical pathway is represented by the structure of components Clq and
C4Ad and proteases Clr and Cls (Figure 1.4, Table 1.1). Clq, Clr, and Cls, and
the modeling of their complexes are reviewed by Arlaud, et al. in Chapter 3. C4Ad
is reviewed by Isenman and van den Elsen in Chapter 5.

The alternative pathway is represented by the structures of components C3a and
C3d and proteases factor D and factor B (Figure 1.4; Table 1.1). factors B and D
are reviewed by Xu et al. in Chapter 4. C3d is reviewed by Isenman and van den
Elsen in Chapter 5 and the complex of C3d with complement receptor 2 (CR2 or

* Reproduced with permission from I.D. Campbell (2003). Biochem. Soc. Trans. 31, 1107-1116.
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Classical pathway Alternative pathway

C3a

C1q

C1s 8

‘-- ‘ | . \ % FaCtOI" B ! = : [
N e Qe 4 %ﬂ S OO

e SPVWF CCP CCP CCP
Cir . : . ( : Factor D @
Cis N—OOOOCQ—C sP

CUB EGF CUB CCP CCP SP
Common pathway

C5b
l‘&}‘
Cha oglav
C8y )
Ccs

FIGURE 1.4 A structural view of the complement activation pathways. This figure was made
with currently available structures of complement proteins, protein fragments, or protein
complexes. References and codes of PDB files are given in Table 1.1. Molecular graphics
were prepared with the program MOLMOL* in all figures.

CD21) is reviewed by Hannan et al. in Chapter 6. C3a is reviewed by Morikis et
al. in Chapter 7.

The lectin pathway is not reviewed because at the time we prepared this manuscript
structures had not been deposited at the PDB. Later, the structure of a fragment of MBL-
associated serine protease (MASP-2) was determined,?”” which is shown in Figure 1.6
(Table 1.1). MASP-2 is a structural and functional homologue of Clr, Cls (Figures 1.4
and 1.6). Structural and functional homologues also include MBL and Clq.
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Complement receptors and regulators

CR2 (CD21)
CCP1-2

Receptors

CR1 (CD35)
CCP15-16

DAF (CD55)

MCP (CD46)
CCP1-2

CD59

—\lembrane
bound

Factor H
CCP15-16

—Regulators

FIGURE 1.5 A structural view of complement receptors (CRs) and regulators of complement
activation (RCAs). This figure was made with currently available structures of CR and RCA
fragments. References and codes of PDB files are provided in Table 1.1.

MASP-2

CuUB EGF cuB

FIGURE 1.6 The structure of the CUB 1-EGF-CUB2 modules of rat mannose-binding protein

associated serine protease-2 (MASP-2;%” PDB code INTO).
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The common pathway is represented here by the structures of C3a, C5a, and
C8y (Figure 1.4, Table 1.1). C3a and C5a are reviewed by Morikis et al. in Chapter
7. C8y is reviewed by Lebioda and Sodetz in Chapter 10.

The RCAs are represented by the structure of factor H, complement receptor 1
(CR1 or CD35), decay-accelerating factor (DAF or CD55), membrane cofactor protein
(MCP or CD46), and CD59 (protectin). Membrane proteins interacting with comple-
ment proteins are represented by CR1 (CD35), CR2 (CD21), DAF (CD55), MCP
(CD46), and CD59. Complement receptors are represented by CR1 (CD35), CR2
(CD21), and complement-like repeats CR3, CR7, CRS8, LBS5, and Tva. The CCP mod-
ules are the most common building blocks of the reviewed RCAs, membrane proteins,
and receptors (Figure 1.5). The structures of factor H, MCP (CD46), and viral comple-
ment regulator vaccinia control protein (VCP) are reviewed by Soares and Barlow in
Chapter 2. The structure of CR1 (CD35) is reviewed by Krych-Goldberg et al. in Chapter
8. The structure of CR2 (CD21) free and in complex with C3d is reviewed by Hannan
et al. in Chapter 6. The structure of DAF (CD55) is reviewed by Lukacik et al. in
Chapter 9. The structure of the extracellular region of CD59 is reviewed by Morgan
and Tomlinson in Chapter 11. The structures of complement-like repeats CR3, CR7,
CR8, LBS, and Tva are reviewed by Dolmer and Gettins in Chapter 12. This chapter
also discusses the effect of Ca* binding to complement-like repeats using fluorescence
emission spectroscopy and isothermal titration calorimetry.

Low-resolution structures of several complement proteins, RCAs, antibodies, and
complexes are reviewed by Perkins and Furtado in Chapter 13. This chapter demon-
strates the utility of synchrotron x-ray and neutron solution scattering, analytical ultra-
centrification, and constrained molecular modeling for coarse structure determination.

Finally, the structures of two classes of peptide complement inhibitors, which
are promising to be developed into therapeutics, are presented together with the
paths that led to their discovery, design, applications, and optimization of activity.
These are compstatin, a C3 inhibitor, and its analogues and the cyclic antagonists
of human C5a receptor (C5aR or CD88). Compstatin and its analogues are reviewed
by Morikis and Lambris in Chapter 14. This chapter also discusses the conforma-
tional interconversion of compstatin using molecular dynamics simulations. The
cyclic antagonists of human C5aR (CD88) are reviewed by Taylor and Fairlie in
Chapter 15. The selection of the compstatin analogues and C5aR antagonists for
inclusion in this volume was based on the fact that they are peptides and the process
of their activity optimization demonstrates the power of structural biology in rational
drug design. A massive literature exists for complement inhibitors, recently reviewed
in Lambris and Holers.*?

I1l. STRUCTURAL CLASSIFICATION OF
COMPLEMENT PROTEINS

Branden and Tooze** and Lesk® demonstrate early efforts for the classification of
protein structure into families of structural motifs. However, complement structures
are absent from these treatises. With the increase of deposited structures at the PDB,
several resources for classification schemes and structural analyses have been
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developed and are available on the Web. The PDB (www.rcsb.org/pdb/),> Swiss PDB
(www.expasy.org/),* and the National Center for Biotechnology Information (NCBI)
(www3.ncbi.nlm.nih.gov/) provide links to a large array of excellent resources for
protein structure analysis, classification, and visualization.

We have chosen to present the CATH domain classification for the complement
system. A tool for understanding structure (www.biochem.ucl.ac.uk/bsm/),*’ CATH
classifies domains of high-resolution crystal structures (less than 3 A) or NMR
structures of proteins. CATH presents four main hierarchical levels: class (C-level),
architecture (A-level), topology (T-level), and homologous superfamily (H-level).*’
Further levels of classification also exist. Class provides secondary structure infor-
mation for the domain and can be mainly alpha (meaning o-helical), mainly beta
(meaning p-sheet), alpha-beta (meaning mixed o-helical and p-sheet), or low sec-
ondary structure. Architecture provides information on the spatial arrangement of
elements of secondary structure that form the shape of the domain, without taking
into account connectivity of elements of secondary structure. Topology or fold family
provides information on the spatial arrangement and connectivity of elements of
secondary structure that form the shape of the domain. Homologous superfamily
cluster structures according to sequence similarity and structural homology. These
domains are thought to have a common ancestor.*’

Table 1.2 shows the CATH classification of complement structural motifs.
According to CATH, there are six defined building blocks (and one irregular) in
terms of architecture, and nine building blocks in terms of topology for the 16
complement proteins (with 56 entries in the PDB) reviewed here (Table 1.1). These
proteins belong to 10 structurally homologous superfamilies (Table 1.2). In certain
instances in Table 1.2, we used the alternative protein classification method SCOP
(Structural Classification of Proteins).*® With the exception of MASP-2, the struc-
tures in Tables 1.1 and 1.2 are reviewed in subsequent chapters.

IV. BEYOND STRUCTURE: EXAMPLES OF
STRUCTURE-BASED STUDIES FOR COMPLEMENT
AND COMPLEMENT-RELATED PROTEINS OR
INHIBITORS

The determination of three-dimensional structures of complement proteins has been
the basis for the elucidation of protein complex formation and the study of confor-
mational dynamics by NMR and molecular dynamics simulations. Computational
modeling, based on three-dimensional structures, has also been used for electrostatic
calculations aimed at predicting the ionization properties of complement proteins
and the driving forces for protein—protein recognition and association. These studies
include structural modeling of C1 from its components (Chapter 3),* NMR studies
that address backbone mobility for CCPs of CR1 (CD35) and MCP (CD46)* and
VCP,® molecular dynamics studies for compstatin (Chapter 14),3! electrostatic cal-
culations for C3d-CR2 association,” docking studies for DAF (CD55) with von
Willebrand factor type A domain of factor B (Chapter 9),3* and docking studies of
a C5aR antagonist peptide to C5aR (CDS§8).>?
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TABLE 1.2

CATH Classification of Complement Structures?

Protein

Clq

C3d

C4Adg

C5a, C5a-
desArg

C8y

Clr, SP module

Cls, SP module

Factor B, SP
module

Factor D

Clr, CCP
module

Cls, CCP
module

Clr, EGF-like
module

Cls, EGF-like
module

MASP-2, EGF-
like module

Cls, CUB-like
module?

MASP-2, CUB-
like module?

Factor B, VWF
module?

PDB Code

Class

Architecture

Topology

Nonprotease Complement Components

1C28, 1PK6

1C3D, 1GHQ
IHZF

1KJS, 1C5A

1IW2, 1LF7

1GPZ, IMD7,
IMD8

1ELV

1DLE

1DSU, 1HFD,
1BIO, 1DFP,
IDIC, IDST,
1FDP

1GPZ, IMD7,
IMDS

1ELV

1APQ

INZI

INTO

INZI

INTO

1QOP

Mainly beta

Mainly alpha

Sandwich
Alpha/alpha
barrel

Mainly alpha Up-down

Mainly beta

bundle

Barrel

Complement proteases

Mainly beta

Mainly beta

Mainly beta

Mainly beta

Alpha-beta

Barrel

Ribbon

Ribbon

Sandwich

3-Layer (aba)
sandwich

Jelly rolls

Glycosyltransferase

Influenza virus
matrix protein;

chain A, domain 1

Serratia metallo
proteinase

inhibitor, subunit I

Thrombin, subunit
H

Complement
module; domain 1

Laminin

Jelly rolls

Rossmann fold

Homologous
Superfamily

Lymphokine
Isomerase

Complement
factor

Retinol
transport

Trypsin-like
serine
proteases

Complement
module,
domain 1

Laminin

Spermadhesin

Cell adhesion

(continued)
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TABLE 1.2 (CONTINUED)
CATH Classification of Complement Structures?

Homologous

Protein PDB Code Class Architecture Topology Superfamily
Complement Receptors and Regulators

CR1 (CD35) 1GKG, Mainly beta  Ribbon Complement Complement
1GKN, module; domain 1  module;
1PPQ domain 1

CR2 (CD21)  1LY2, IGHQ

Factor H 1HCC, 1HFH,
1HFI

DAF (CD55) 1HO3, 1HO04,
10JV,
INWV

MCP (CD46)*  1CKL

CD59 1CDQ, ICDR, Mainly beta  Ribbon CD59 CD59
1CDS,
1ERG, 1IERH

*When CATH?* classification was not available, we used the SCOP* classification or the CATH
classification of homologous structures.

Source: Protein Data Bank (www.rcsb.org/pdb/).

V. PERSPECTIVE

Significant progress has been made in the determination of the three-dimensional
structure of complement components, regulators, receptors, and inhibitors. However,
the structural biology of the complement system is far from complete. Table 1.3
shows a summary of selected complement proteins that will aid the reader in
identifying samples for structural studies. Since protein size and complexity are
issues in structural studies, the molecular mass and number of chains are also given
in Table 1.3.

The power and utility of structure determination to develop structure—function
or structure—activity correlations have been demonstrated in all chapters of this
volume. Knowledge of structure brings us closer to understanding function, when
compared to sequence alone. This is because structure allows us to discern the
physicochemical principles that underlie biological processes. However, proteins are
not static, as seen in pictures generated by time-averaged or ensemble-averaged
three-dimensional representations of their structures. Indeed, proteins are dynamic
molecules — they shake, twist, and swing. Proteins experience a variety of local,
segmental, and global motions at a variety of time scales. Knowledge of structure
allows us to understand the protein dynamics. In combination, knowledge of protein
structure and dynamics allows us to understand protein—protein association, pro-
tein—ligand binding, and other interactions. Finally, knowledge of protein structure,
dynamics, and interactions brings us closer to understanding the physicochemical
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TABLE 1.3
Size and Complexity of Proteins in Complement Research?
Approximate Molecular Number of
Protein Mass (kDa) Chains

Clq 410 18
Clr 83 1
Cls 85 1
Cc2 102 1
C3 190 2
C4 205 3
G5 196 2
C6 125 1
C7 120 1
C8 150 3
c9 166 1
Factor B 100 1
Factor D 24 1
Properdin 224 4
MBL 540 18
MASP-1 94 1
MASP-2 76 1
Clinh 105 1
C4BP 550 7
Factor H 150 1
Factor 1 100 2
CR1 (CD35) 160-250 1
CR2 (CD21) 140 1
CR3 (CD11b/18) 265 2
CR4 (CD11c/18) 245 2
DAF (CD55) 70 1
MCP (CD46) 45-70 1
ClgR 65 1
C3aR 54 1
C5aR (CD88) 45 1
CD59 20 1
Carboxypeptidase N 280 4

2 Most entries derive from The Merck Manual of Diagnosis and Therapy, section
12, chapter 146, Merck & Co., 1995-2004 (also available at: www.merck.com/mrk
shared/mmanual/tables/146tb2.jsp and www.merck.com/mrkshared/mmanual/
tables/146tb3.jsp).

basis of function. The physicochemical origins of function provide quantitation and
understanding beyond simple (yet important) biological observation, and they form
the starting point for the prediction of protein properties, and eventually of protein
function, and for the design of pharmaceutical regulators in cases of defective
function. In the absence of experimental data or when incomplete experimental data
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are available for dynamics and interactions, biomolecular simulation can be a sig-
nificant tool toward the prediction of the properties of proteins and protein com-
plexes. Biomolecular simulation at the atomic level is possible only when three-
dimensional structures are available as starting points. The structures provide the
atomic three-dimensional coordinates that form the spatial arrangement of the bio-
molecular building blocks and the spatial arrangement of the physicochemical prop-
erties of the building blocks.

VI. EPILOGUE

In conclusion, we intended to assemble a volume containing the current state-of-
the-art of the structural biology of the complement system with structure—function
correlations. Judging from the number of unsolved complement structures and the
rate of new structures deposited at the PDB, we predict that additional structures
will be determined in the near future to identify the missing links in multidomain
proteins. We also expect the determination of more protein complex structures that
mediate protein interactions which are responsible for recognition, binding, signal-
ing, and function. The structural biology of the complement system provides an
unexplored fertile ground for the study of dynamics and thermodynamics, both
experimentally and theoretically. On the theoretical end, we expect that computa-
tional simulation of complement protein dynamics will provide insights on protein
motions at time scales inaccessible by experiment. We also expect that calculations
of the energetics of complex formation and stability will provide insights on the
thermodynamics involved in these processes.
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A striking feature of proteins that belong to the “regulators of complement activa-
tion” (RCA) family is the presence of numerous examples of a repeating motif of
~60 amino acids that was originally called the “short consensus repeat” (SCR).! We
now know that each repeat corresponds to a structural unit called a “complement
control protein” (CCP) module. The CCP model has also been called the “sushi
domain,” reflecting the limited knowledge of its three-dimensional (3D) structure in
the past. In addition to its pre-eminence in the RCA family, the CCP module is
found in other proteins within the complement system, and in a wide range of non-
complement proteins (http://smart.embl-heidelberg.de).

Strings of 4 to 30 CCP modules joined by short linking segments occur within
members of the RCA family. These proteins are expressed by a cluster of genes
located on the long arm of chromosome 1 (1g32). Their primary role is to ensure a
complement-mediated response to infection is targeted and proportionate (see Chap-
ter 1). They interact, via binding sites that entail between two and four CCP modules,
with components of the C3 and C5 convertase complexes. By blocking formation
of new convertases, accelerating the dissociation of existing convertases, and acting
as cofactors for proteolytic degradation of the dissociated components, the RCA
proteins negatively regulate the complement cascade. All host cells exposed to serum
have RCA proteins embedded in, attached to, or associated with their surfaces to
protect themselves against complement. Many of the RCA proteins have numerous
additional binding partners. In some cases, these include proteins expressed by
pathogens in an effort to anchor themselves to a host cell, to subvert the host’s
complement system, or to exploit the signal transduction properties of several mem-
brane-associated RCAs.

In this chapter, we survey CCP modules, with an emphasis on their contribution
to the structure of the following RCA proteins: membrane cofactor protein (MCP,
CD46), the factor H (fH) family, and C4b-binding protein (C4BP); and on a viral
mimic of the mammalian RCA proteins, vaccinia virus complement control protein
(VCP). While decay-accelerating factor (DAF, CD55) and complement receptor type
1 (CR1, CD35) are also composed almost entirely of CCP modules, and both are
regulators of complement activation; these will be mentioned but not dealt with in
depth, as they are covered elsewhere in this volume (Chapters 8 and 9). Another
CCP-containing complement protein — complement receptor type 2 (CR2, CD21)
— is encoded by a gene in the same region, and normally regarded as a member of
the RCA family, even though it is not involved in regulation of complement activa-
tion. Complement receptor type 2 is also dealt with in depth elsewhere in this book
(Chapter 6). The blood-clotting factor XIII b subunit (FXIIIb) is built from CCP
modules, and its gene is located in the 1q32 cluster, but it is not normally regarded
as an RCA since it does not interact with complement proteins, and will not be dealt
with in this volume.
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I. OCCURRENCE OF CCP MODULES
A. Mobutar ComprosiTION oF THE RCA PROTEINS

Many proteins of the complement system are built up from a limited range of module
types. The CCP module is very strongly represented with 69 occurrences among the
most common allotypes of the five proteins that have been shown to regulate com-
plement and belong to the RCA family: fH, C4BP, MCP, CR1, and DAF (see Figure
2.1). If all 19 CCP module-containing complement proteins arising from unique
genes (including the fH-related proteins; see below) are included, the total is 130.

The five complement regulators listed above, along with the fH-related proteins
and CR2, are unusual in that they consist entirely, or almost entirely, of a single
module type. Other CCP module-containing complement proteins, such as Clr, Cls,
C2, factor B, mannan-binding lectin-associated serine protease (MASP) 1, MASP
2, C6, and C7, are more typical of extracellular multiple-module proteins since they
contain mixtures of several module-types (see Figure 2.1) and are said to be
“mosaic.”? Factor H is a soluble protein that associates noncovalently with selected
surfaces via specific glycosaminoglycan recognition sites; it consists entirely of CCP
modules. C4BP is also a soluble protein that may bind noncovalently to surface-
glycosaminoglycans. It has a multiple chain structure with seven identical a-chains
disulfide linked to each other, and to a single smaller $-chain, via the only non-CCP
part of the protein — a unique C-terminal extension. MCP, like CR1 and CR2, is a
transmembrane protein, and has a transmembrane helix and a small cytoplasmic
domain. MCP has an additional domain rich in serine, threonine, and proline (STP),
lacking in CR1 and CR2. DAF also has a STP-rich region, but it is a glycosylphos-
phatidylinositol (GPI)-anchored protein.

B. SPLICE VARIANTS

Figure 2.1 shows only the most common splice variants of each human protein. A
fH-like protein (FHL-1) contains the seven N-terminal CCP modules of fH and a
C-terminal extension of four residues.? CR1 exists as shorter (23 modules) and longer
(37 and 44 modules) versions that differ by the presence or absence of seven-module
blocks called long homologous repeats (LHRs). Thus, in the most common variant,
there are four such LHRs (LHR-A to LHR-D) plus two additional modules close to
the C-terminus and the membrane (see Chapter 8). CR2 exists as a 15-CCP-module
variant (shown in Figure 2.1) and as a 16-module version with an additional module,
number 11.# Splice variants of human MCP and DAF differ in the STP region, and
in the nature of their membrane attachment, not in the number of CCP modules.>¢
There do not appear to be any splice variants of human C4BP a or (8 chains, but
two minor forms have been observed with different combinations of o- and
B-chains.”
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C. OTtHER ForMs OF RCAs IN NONHUMANS

There is variation, even between closely related species, in the set of proteins used
for immune adherence (a function of erythrocyte-borne CR1 in humans) and to
regulate complement. For example, baboon and chimp erythrocytes carry versions
of CR1 composed of seven and eight CCP modules, respectively.® The first five
modules of baboon CR1, and the first six of chimp CR1, are highly similar to the
equivalent modules of human CR1; the sequence of the last module in both cases
resembles that of human CR1 module 21. Mouse versions of CR1 and CR2 are
encoded by the same gene, alternatively spliced to generate a form of CR1 (21
modules) or CR2 (15 modules).® Mouse tissues also express complement receptor
1-related gene/protein Y (Crry) that has decay-accelerating and membrane cofactor
activities, ! but does not have an immune adherence role.!' It has five CCPs that are
similar in sequence to the five N-terminal modules of human CR1. The rat equivalent
to mouse Crry has six or seven CCP modules!? (Figure 2.1). Crry knockout mouse
embryos are killed by maternal complement.'> Rodent versions of both MCP and
DAF are expressed, but MCP expression is restricted to testis.'* There are two mouse
DAF genes, I and II, producing predominantly transmembrane and GPI-anchored
versions, respectively.'* GPI-linked, transmembrane, and secreted versions of rat,
guinea pig and pig DAF are probably splice variants.'>"'7 Pig DAF is unusual in
having only three CCPs.!7 Chickens produce a transmembrane complement-regula-
tory protein Cremp that has five CCP modules and an additional CCP-like module.'®
The first two modules resemble modules 2 and 3 of DAF, and the third and fourth
modules are very similar to the equivalent modules of MCP. A protein, SBP1, from
the bony fish, barred sand bass, has 17 CCP modules and was demonstrated to bind
both C3b and C4b, and to act as a cofactor for their enzymatic cleavage by factor I.1°

D. VIrAL VErsions oF RCAs

Several viruses in the Herpesviridae and Poxviridae families have genes for CCP
module-containing proteins, presumably acquired through a process of horizontal
gene transfer. Pox viruses generally produce a soluble four-CCP module complement
inhibiting protein (Figure 2.1), although the monkeypox version has only three
modules.?® The best-studied example is VCP, from Vaccinia virus,?' which is dis-
cussed in more detail in Section IV. Vaccinia virus has an additional gene encoding
a distinct four CCP module—containing protein — VB0O5 — that has a transmembrane
domain, and reportedly plays a role in plaque size and host range.??> Within the
herpes family, some members of the rhadinovirus genus have been found to produce
a four-CCP-module protein with a transmembrane domain.?®* The version expressed
by Kaposi’s sarcoma—associated herpesvirus (KCP) (Figure 2.1) has been shown to
inhibit complement effectively and contribute significantly to virulence.?*%

E. OTHER PROTEINS THAT CoNTAIN CCP MODULES

Several other human proteins that interact with C3b and/or C4b contain two or three
CCP modules, including factor B and C2, Clr and Cls, and MASP 1/3 and MASP
2 (Figure 2.1). The late complement components, C6 and C7, contain pairs of tandem
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CCP modules that may interact with the C5b* fragment generated by C5 conver-
tase.?0 The asterisk refers to the unstable, transitory nature of this fragment that is
able to interact with C6 to form C5bC6 in an initial irreversible step along the
pathway to formation of the membrane attack complex.?® There are also a very
diverse and large range of noncomplement mammalian proteins that contain CCP
modules. [llustrative examples of note are clotting FXIIIb; the adhesive extracellular
matrix proteins — aggrecan, neurocan and brevican that each contain a single CCP
module; the selectin family — whose stalks are composed of trains of CCPs; a
subunit of the heterodimeric metabotropic G-protein—linked GABA receptor —
GABA; receptor type 1a?” (type 1b is a splice variant that lacks the two CCP
modules?); the a-chain of the IL-2 and IL-15 receptors — the single CCP module
of the IL-15 receptor, together with a C-terminal Pro/Thr region, is necessary and
sufficient for IL-15 binding?’; p-2-glycoprotein I (B2GPI, ApoH), for which two
crystal structures have been solved®3! (see Section III); polydom, a 387-kDa pla-
centally expressed protein with 34 CCP modules;?? and a family of large transmem-
brane receptors and adhesive proteins, CSMD (CUB and sushi multiple domains)
1, 2, and 3, each containing more than 25 CCP modules.’*** This widespread use
of CCP modules underlines the versatility of a structural scaffold that can be adapted
to suit many purposes, both “architectural” — endowing on specific proteins an
appropriate reach and level of flexibility or rigidity — and “functional,” that is,
providing specific surfaces that are directly involved in binding.*

Il. SEQUENCES OF CCP MODULES
A. THe CONSENSUS SEQUENCE

The existence of CCP modules was inferred initially from inspection of the emerging
primary sequence information for RCA proteins during the early 1980s.3¢ An
imperfectly repeating motif of approximately 60 amino acid residues was noticed
and termed the “short consensus repeat.” This repeat is characterized (Figure 2.2)
by the presence of a cysteine residue at either end (C' and C") with two additional
cysteines (Cys"" and Cys™) distributed between them; later these were shown to be
disulfide linked in the pattern I — III and IT — IV. A tryptophan occurs — with one
exception only among the RCA proteins (the 10th CCP of fH, i.e., fH~10, which
has a Leu instead) — in the sequence between cysteines III and I'V. Proline residues
often occur at the third and/or fourth position after the first Cys (i.e., C' + 3/4) and
the second position before the fourth Cys (C' - 2). Additional Pro residues often
occur adjacent, or next-door-but-one, to these consensus prolines. A Gly residue is
well conserved at (C" + 3) and three additional conserved glycines commonly occur
at (C' + 8/10), (C" = 7) and (C" + 6/8). Within the ten residues prior to C", there
are four positions where hydrophobic residues are present in the sequences of the
majority of CCP modules, and additional hydrophobic residues appear beyond C™.
Thus, the motif “hXhGXXhXhXC'XXG1hXhXG” (where 1 is the site of an inser-
tion in the larger CCP modules) occurs commonly, but not in every CCP module.
Insertions and deletions occur most frequently after each of the four consensus
glycines, apart from the (C' — 7) Gly; and before the consensus Trp.
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C4BPB_01
CR2_03
CR1_07
CR1_14
CR1_21
CR1_28
CR2_05
CR2_09
MCP_03
CR2_12
CR1_03
CR1_10
CR1_17
CR1_24
DAF_04

C4BPA_03
CR1_05
CR1_12
CR1_19
CR1_26
CR2_07
CR1_29
CR2_14

C4BPA_07
CR2_08
CR2_11
MCP_02

FH_03
CR1_09
CR1_16
CR1_02
CR1_23

C4BPA_02
DAF_03
CR1_06
CR1_13
CR1_20
CR1_27
CR2_04

C4BPB_03

FH_02
CR2_02

FH_12
CR1_04
CR1_11
CR1_18
CR1_25

C4BPA_04
MCP_04
CR2_06
CR2_10
CR2_13

C4BPA_08
CR1_30
CR2_15

C4BPB_02

C4BPA_05

FH_17

FH_18

FH_19

FH_15

FH_16

FH_14

FH_09

FH_04

FH_05

FH_07
CR1_01
CR1_22
CR1_08
CR1_15
DAF_02

FH_06

FH_11

FH_10
CR2_01

C4BPA_01

C4BPA_06

FH_01

FH_08
DAF_01
MCP_01

FH_13

FH_20

* * *
HCPE-LPPVDNSI---FVAKEV---EGQI-LG---TYVCIKG------ YHLVG----- KKTLFCNASK- - - -EWD- -NTETECRLG
ECPA-LPMIHNGH- - -HTSENV- - -GSIA-PGLSVTYSCESG EKIINCLSSG- - - -KWS- -AVPPTCEEA
FCPS-PPVIPNGR- -EVFP-FGKAVNYTCDPHP] ESTIRCTSDPQGNGVWS - - SPAPRCGIL
FCPS-PPVIPNGR- -EVFP-FGKAVNYTCDPHP] ESTIRCTSDPQGNGVWS - - SPAPRCGIL
FCPN-PPAILNGR- -GDIP-YGKEISYTCDPHP) ESTIRCTSDPHGNGVWS - - SPAPRCELS
FCPN-PPAILNGR- -GDIP-YGKEISYACDTHP) ESSIRCTSDPQGNGVWS - - SPAPRCELS
FCPS-PPPILNGR- -ANVS-YGSIVTYTCDPDP) ESTLRCTVDSQKTGTWS - -GPAPRCELS
TCPP-PPVIYNGA---HTGSSL- - -EDFP-YGTTVTYTCNPGPERGVEFSLIG- - ESTIRCTSNDQERGTWS - -GPAPLCKLS
LCTP-PPKIKNGK- - -HTFSEV- - -EVFE-YLDAVTYSCDPAPGPDP-FSLIG- - ESTIYCG- - - -DNSVWS - -RAAPECKVV
HCHP-PPVIVNGK - -ENFL-YGNEVSYECDQG- - - - - - FYLLG- - EKKLQCRSDSKGHGSWS - -GPSPQCLRS
PCGL-PPTITNGD---FISTNR- - -ENFH-YGSVVTYRCNPGSGGRKVFELVG- - EPSIYCTSNDDQVGIWS--GPAPQCIIP
PCGL-PPTIANGD---FISTNR- - -ENFH-YGSVVTYRCNPGSGGRKVFELVG- - EPSIYCTSNDDQVGIWS - -GPAPQCIIP
PCGL-PPTIANGD- -ENFH-YGSVVTYRCNLGSRGRKVFELVG- - EPSIYCTSNDDQVGIWS - -GPAPQCIIP
SCEP-PPTISNGD- -TSFH—NGTVVTYQCHTGP.GEQLFELVG-- ERSIYCTSKDDQVGVWS - - SPPPRCIST
-DHYG-YRQSVTYACNKG EHSIYCTVNNDE -GEWS - -GPPPECRGK
HASISCTVENETIGVWR--PSPPTCEKI
AASMRCTPQG- - - -DWS - -PAAPTCEVK
AASMRCTPQG- - - -DWS - -PAAPTCEVK
-DWS - -PEAPRCAVK
DWS - -PEAPRCTVK
-VWT - -PPVPQCKVA
-IWS--QLDHEYCKEV
TWS - -QPAPHCKEV
HWS - -APAPQCKAL
-WF--MEIRLCKEI
HAYQMCQDAENG- - IWF - -KKIPLCKVI
EEILYCELKGSVA-IWS--GKPPICEKV
DEEMHCSDDG- - - -FWS - -KEKPKCVEI
HSSAECILSGNAA-HWS - -TKPPICQRI
HSSAECILSGNTA-HWS - -TKPPICQRI
SSSATCIISGDTV-IWD--NETPICDRI
SPSTTCLVSGNNV-TWD- -KKAPICEIT
STTSRCEVQDREV-GWS - -HPLPQCEIV
STSSFCLISGSSV-QWS- -DPLPECREI
SSASYCVLAGMES - LWN- - SSVPVCEQI
SSASYCVLAGMES - LWN- - SSVPVCEQI
SSVSHCVLVGMRS - LWN- -NSVPVCEHI
RSASHCVLAGMKA-LWN- -SSVPVCEQI

VCQP-PPDVLHAE - -DNFS-PGQEVFYSCEPG

GCPP- PPKTPNGN-
ICNF-PPKIAHGH-
ACEA-TERQLLT- -
TCQH-VRQSLQE- -
TCPY-IRDPLNG- - - -QAVPAN-

SCKT-PPDPVNG- -
SCKT-PPDPVNG- -
SCRN-PPDPVNG- -
SCGP-PPEPFNG- -
RCRH-PGELRNG- -
SCPN-PGEIRNG- -
SCDDFMGQLLNG- -
SCDDFMGQLLNG - -
SCDDFLGQLPHG- -
SCDDFLGQLPHG- -
RCKS-LGRFPNG-----
DCDP-PGNPVHG- - -YFE---G-
PCGH-PGDTPFG- - -TFTLTGG- - -NVFE-YGVKAVYTCNEG
SC-P-EPIVPGGY--KIRGSTP- -¥R-HGDSVTFACKTN
TCGD-IPELEHGW- -AQLSSPP-
KC-T-PPNVENGI - - LVSDNRS -
KC-T-PPNVENGI - - LVSDNRS -
KC-T-PPNVENGI - -LVSDNRS -
KC-T-APEVENAI--RVPGNRS-
TC-R-KPDVSHGE- -MVSGFGP -
KC-R-FPVVENGK--QISGFGK-
QC-P-HPQILRGR--MVSGQKD-
QC-S-HVHIANGY--KISGKEA-
RC-P-NPEVKHGY - -KLNKTHS -
LC-R-KPELVNG- - -RLSVDKD-
NC-S-FPLFMNGI - - SKELEMK -
NC-S-SPADMIGI—-QKGLEPR-
HC-P-DPVLVNG- - - - - EFSSS- TWA--PPFPICKSR
SCIN-LPDIPHASWETYPRPTK - -EDVYV-VGTVLRYRCHPG
DCLS-LPSFENA- - - -IPMGEK - -KDVYK -AGEQVTYTCATY
SCVN-PPTVQONA- - - -¥IVSRQ- -MSKYP - SGERVRYQCRSP
KCGP-PPPIDNG----DITSFP--LSVYA-PASSVEYQCQONL
PCSQ-PPQIEHG- - - -TINSSRSSQESYA-HGTKLSYTCEGG

-WE - -NDIPICEVV
-MWGP - TRLPTCVSV
VW- - -TQLPQCVATL
KWE- - PELPSCSRV
KWE- - PELPSCSRV
KWE- - PELPSCSRV
RWG- - PKLPHCSRV
-KWN- - PSPPACEPN
-TWD- - PPVPKCLKV
TWE- - PSAPVCEKE
-TWD- - PETPVCEKE
-TWV- - PGVPTCIKK
TWY - - PEVPKCEWE
RWD- - PPLAKCTSR

SRWET - - -GRPTCRDT
GNWT - - -EPPQCKDS

LCPP-PPQIPNS--
SCDI--PVFMNAR-
SCKS- -PDVINGS -
SCDN- -PYIPNGD-
KCYF--PYLENGY -
QCNA-PEWLPFAR-
HCKT-PEQFPFAS-

PTNL-TDEFEFP-IGTYLNYECRPG
PTIP-INDFEFP-VGTSLNYECRPG
HCQA-PDHFLFAK - LKTQ-TNASDFP-IGTSLKYECRPE
HCOQA-PDHFLFAK - LKTQ-TNASDFP-IGTSLKYECRPE
SCEV-PTRLNSAS- - - -LKQPYITQNYFP-VGTVVEYECRPG
PCDY - -PDIKHGG- - LYHENMRRPYFPVA -VGKYYSYYCDEH
SCGP-PPELLNGN-
ECEL--PKIDVHL-
SCGS-PPPILNGR-
NCGP-PPTLSFAA-
CC-P-EPKLNNGEITQHRKSRPANHCVYF-YGDEISFSCHET
DCNELPPRRNTEI- - -LTGSWS - -DQTYP -EGTQAIYKCRPG
TCSKSSIDIENG----FISESQ---YTYA-LKEKAKYQCKLG
DCGL-PPDVPNAQ- - -PALEGR- - -TSFP-EDTVITYKCEES
ACEE-PPTFEAME- - -LIGKPK - - -PYYE - IGERVDYKCKKG
KCKSSNLIILEEH- LKNKK - - - -EFD-HNSNIRYRCRGK
PCVI-SREIMENYN- - IALRWTAKQKLYSRTGESVEFVCKRG

-VWT - -GAKDRCRRK
-VWS - - SVEDNCRRK
VWS - - SPKDVCKRK
-VWS - -SPKDVCKRK
-KWS - - TAVEFCKKK

-TWS - - PRIPSCGDI
-WVALNPLRKCQKR
-WS---AQPTCIKS
-QWS - -DIEEFCNRS
-TWLP-VSDDACYRE
-WD- - -PEVNCSMA
-CWDGKLEYPTCAKR
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FIGURE 2.2 Multiple sequence alignment of CCP modules in RCA proteins. The 84 indi-
vidual CCP modules of the six proteins in the RCA family: CR1 (30 CCPs), CR2 (15 CCPs),
C4BP-a (8 CCPs), C4BP-f (3 CCPs), DAF (4 CCPs), MCP (4 CCPs), and factor H (20
CCPs) aligned using ClustalX,'”' with manual editing to obtain a more plausible alignment.
Domain boundaries were defined as one residue before C' and three residues after C'V. The
asterisk (*) represents a completely conserved residue at that position. Note that C'!! is present
in factor H CCP20, but has not been aligned since it appears immediately before the conserved

tryptophan.
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FIGURE 2.3 Schematic to illustrate module and linker lengths. This figure is drawn on a
distorted scale to emphasize the variation in length of CCP modules (51 to 67 residues) within
RCA proteins and of the linkers (3 to 8 residues) between them. For convenience, the first
and last residues of a module are defined as C' and C'V of the consensus sequence (see Figure
2.2), and linkers are defined as the sequences lying between C'V of the N-terminal module
and C' of the C-terminal module. Modules are numbered. For abbreviations see text. (Data
from B Boeckmann, et al. Nucleic Acids Res., 31:365-370, 2003. With permission.) The raw
data may be viewed at www.bru.ed.ac.uk/~dinesh/ccp-db.html.

Three-dimensional structure determination of CCP modules (see below) indi-
cated that the residue before the first Cys, and the two residues beyond the last Cys
commonly contribute to the three-dimensional structure of the module. Strictly
speaking, therefore, these residues could be considered to belong to the module
rather than the connecting linking sequences. For the purposes of the alignment in
Figure 2.2, sequences starting at the residue before C' and finishing three residues
after C'V (inclusive) were used. It is nonetheless convenient to regard the boundaries
of each CCP module as C' and C", and the “linker” residues as lying between the
C"W of the preceding module and the C! of the following module. According to that
definition, within the RCA proteins, the length of CCP module sequences in RCA
proteins varies from 51 (factor H~13) to 67 (eight modules in CR1, two in CR2)
(see Figure 2.3). And the length of linker ranges from three to eight amino acid
residues.

Many CCP module sequences are encoded by discrete exons, and therefore they
are class 1 domains. The exon boundaries appear to lie at random positions within
the linkers but nearly all exons in RCA genes have phase 1 introns (i.e., they interrupt
the coding sequence after the first base pair of a codon) at both ends, a typical feature
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of extracellular metazoan proteins and a signature of domain shuffling.?” In CR2,
however, the 4th, 8th, and 11th CCPs are class 2 domains since they are encoded
by a split exon, while the following CCP pairs of CR2 are encoded by a fused exon:
1,2; 5,6; 9,10; and 12,133 (see Figure 2.4). The second CCPs of other RCAs —
CRI1, factor H, MCP, and C4BPa (and the third modules of DAF and C4BPp) are
also class 2 domains with a splice site after the second position of the codon for the
conserved Gly at position (Cys" + 3).% In the case of CR1, a similarly split exon
encodes the second CCPs of LHRs B, C, and D, and the sixth module of each LHR.%0
The third and fourth modules of each LHR in CR1 are encoded by fused exons.*

= CCP module

DA-MT > MASP-1
A etc. = Cluster identifier (- > MASP-2

1/1etc. = identi = « ’
Subgroup identifier, U = undefined | @@_-— >_ Cir

=fusedexon == =splitexon {
a

O = Structure solved (or inferred)

I = position of extra CCP in CR2

1234 UUUU
—ACAFH AF_C4BPoc
3432343234%23434 = LUU
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FIGURE 2.4 Assignment of the CCP modules of complement proteins into clusters or groups.
The symbols used for module-types are the same as in Figure 2.1. The modules for which
experimentally solved 3D structures are available are shaded more strongly (the coordinates
of DAF 1 to 4) had not been released at the time of this writing; see Chapter 9). Most CCP
modules are encoded by single exons; split and fused exons are highlighted here; see key for
symbols. The number above each module indicates assignment to subgroups of CCPs, accord-
ing to a phylogenetic study by Krushkal et al.** These authors first divided the RCA proteins
into two distinct groups (fH, the fH-related proteins and factor XIIIb in one group, shown by
the use of italics and numbering in a lighter shade, and the remainder in the second group).
Soares et al. (unpublished) have also allocated CCPs to clusters (indicated by letters within
the CCP symbols), but in this study we used a different method (see text). All modules were
considered as belonging to the same group and clustered accordingly. Those modules that
could not be classified by these methods are indicated by a “U”* or by absence of a letter).
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B. CoMPARISON OF SEQUENCES AMONG CCP MoODULES

Levels of sequence identity among CCP modules in human RCA proteins range
from virtually undetectable (except with reference to the four defining Cys residues
and the highly conserved Trp) to 100%. Some of the sequences with low similarity
in sequence are shown in Figure 2.5a. Even within a protein, CCP sequences may
be very dissimilar, such as DAF~2 versus DAF~4 or fH~9 versus fH~13. CR1, on
the other hand, is exceptional in the extent of its internal sequence similarities:
Several of the CCP sequences within CR1 are exact, or nearly exact, duplicates or
triplicates (see Figure 2.5b): modules 3 to 9 are almost identical to CR1 modules
10 to 16; CCP modules 3 (and 10) and 4 (and 11) are nearly identical with modules
17 and 18, respectively; and modules 19 to 21 are = 88% identical with modules
26 to 28. As mentioned previously, this occurrence of similar modules at intervals
of seven led to the division of the N-terminal 28 modules of CR1 into the four LHRs,
A, B, C, and D. Modules in CR1 with divergent sequence lie at the N- and C-termini:
modules 29 and 30 each have less than 50% identity with any other CR1 module,
while modules 1 and 2 are only 60% to 66% identical at best to other CCP modules.
For completeness, it should be noted that modules 22 to 25 of CR1 are also rather
divergent. No other complement control protein shows such a high level of internal
sequence similarity, although CR2 modules 5 and 6 are 63% and 58% identical to
CR2~9 and CR2~10, respectively (see Figure 2.5b).

There is less similarity between modules in other RCA proteins. The C-terminal
modules of CR1 — numbers 29 and 30 — are 51% and 65% identical to the C-
terminal two modules of CR2 (14 and 15), respectively. In fact, outside of the fH
family, the C-terminal modules of CR1 and CR2 share the highest sequence simi-
larity of any two modules from different proteins, matched only by CR2~9 versus
CR1~7 (or 14). The set of other interprotein identity levels of = 50% are summarized
in Figure 2.5b.

In a more methodical approach (D.C. Soares et al., in preparation) a set of 203
CCP module sequences, including members of the RCA family was assigned to nine
clusters (labeled A to I) (Figure 2.4) using an implementation of the hierarchical
cluster assignment method of Corpet*' and extended through subsequent sequence
comparisons using hidden Markov models.*? The distribution of cluster membership
among the RCA proteins is shown in Figure 2.4. In such a representation, the heptad
repeats or LHRs — HCAFACA — of CR1 are obvious. Less obvious are imperfect
tetrad repeats in CR2: from the N-terminus: AFAC, AFAX (X = unassigned), AF*C,
(* is the site of an inserted module in the 16-module splice variants), and AFAF.
The triplet CAF occurs twice in CR2, and four times in CR1 and in C4BP and MCP;
the HCA repeat occurs four times in CR1 and in DAF. Factor H contains five
unassigned modules, several modules of cluster / (members of this cluster are unique
to factor H and the factor H-related proteins), and a run of six B-cluster members.
Factor H is thought to have diverged from CR1, CR2, MCP, and DAF at an early
point in evolutionary history (see below).
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FIGURE 2.5 Differences and similarities between the primary sequences of CCP modules.
(a) Five relatively dissimilar sequences were selected from the sequence alignment and
juxtaposed. Levels of pairwise identity are typically less than 20%. (b) Thick lines connect
modules that share more than 90% pairwise sequence identity; thin lines indicate 50% to
89% identity, with a label indicating the percentage identity. For clarity, lines are not drawn
to each duplicated (more than 90% identical) module. (Pairwise sequence identities calculated
using BLAST.'?3)

C. “EvorutioN” or CCP MobDuLEs

The RCA gene cluster is thought to have evolved through a series of gene duplication
events¥® consistent with the symmetric phases of most introns. Krushkal et al.**
constructed a phylogenetic tree for 132 individual module sequences of the RCA
gene cluster, including factor XIIIb subunit (and SBP1 from sand bass) using several
methods. Based on this, they inferred a summary tree of relationships for the parent
proteins. The tree identified two groups of proteins — factor H and the factor
H-related proteins along with factor XIIIb (and SBP1) formed one group, while
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MCP, DAF, C4BPa, CR2, and CR1 formed the other (and C4BPp falls into neither).
This division corresponds to two distinct subclusters on chromosome 1 separated
by 7 to 22 centimorgans. One possibility is that SBP1 is the evolutionary precursor
of both factor H and C4BPa., and that the two groups diverged in evolutionary history
after the separation of the fish lineage. Within these groups, these authors identified
“subtypes” of CCPs that may be compared with the clusters of Soares et al. (unpub-
lished; illustrated in Figure 2.4).

D. THE THRee-DIMENSIONAL STRUCTURE OF CCP MoDULES
1. Early Structural Work on Factor H

The first structural data on CCP modules derived from circular dichroism (CD)
studies of fH that demonstrated an absence of a-helices.* A subsequent study
combining Fourier transform-infrared spectroscopy (FI-IR) with secondary structure
averaging methods predicted a 3-structure for each of the 20 CCP modules of factor
.46

In order to obtain more detailed structural information,*’ a portion of factor H
corresponding to what was predicted to be the 16th CCP module (fH~16, residues
909 to 967 of the mature sequence), was expressed in Saccharomyces cerevisiae as
a recombinant entity in isolation from the remainder of the molecule. This sequence
was not selected on the basis of its contributions to any known function of the parent
protein, but because its sequence was regarded as typical of CCP module sequences
in factor H. A pure (no salt or buffer) 1-mM solution of this material (fH~16) at pH
4.0 and 37°C was analyzed by two-dimensional (2D) 'H nuclear magnetic resonance
spectroscopy (NMR). The spectra were consistent with those expected of a com-
pactly folded globular protein, and demonstrated that such a sequence is able to fold
independently. The NMR data confirmed the presence of B-strands, but in compar-
ison with the outcome of the FI-IR based-study, suggested different numbers and
locations of strands.

A more detailed analysis of the NMR data yielded the first 3D structure of a
CCP module (Figure 2.6a).*® The fold was described originally as approximating to
a B-sandwich or barrel, but it is smaller and less regular than classical examples of
this fold such as those found among the immunoglobulin or fibronectin type III
families. It does not in fact resemble closely any other known protein structure. One
face consists of a twisted sheet of three antiparallel strands (numbers 2, 4, and 6 in
Figure 2.6a). The other was originally described as a two-stranded sheet. The longer
of the two strands in this other face has two segments separated by a (3-bulge — the
more N-terminal segment extends the three-stranded sheet, and thus participates in
both faces, while the more C-terminal part (also corresponding to the C-terminus
of the module) is exclusively part of the two-stranded face. In the light of further
examples of CCP module structures, these two segments can be regarded as two
independent strands — and it is more convenient to consider fH~16 as consisting
of a twisted four-stranded sheet (containing f-strands now numbered 2, 4, 6, and 7
— Figure 2.6a) forming a half-barrel while the separate two-stranded sheet (3-strands
5 and 8) closes off one end of the barrel. The open side of the half-barrel is covered
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FIGURE 2.6 The 3D structure of a CCP (m)odule revealed by NMR spectroscopy. (a)
Molscript!?* representation of the first 3D structure of a CCP module to be determined (the
16th module of factor H). The consensus cysteines and tryptophan are drawn as ball and
stick. Beta strands (arrows) are numbered according to the convention described in the text
and in Figure 2.6b. (b) Schematic to show secondary structure of a CCP module, with (3-
strands drawn as arrows, disulfides indicated by the thick dotted lines, and the hypervariable
loop drawn as a thick line between strands 2 and 3. The exact position and length of 3-strands,
as formally defined according to the Kabsch and Sander criteria,'> vary between modules.
All structures solved to date, however, contain some or all of the eight strands at the approx-
imate positions relative to the four consensus cysteines indicated here. In this chapter, we use
the strand numbering shown in this diagram, even in modules where some of the strands are
not formed. Thus, the six strands of the 16th CCP of fH are numbered 2, 4, 5, 6, 7, and 8
(see Figure 2.6a and text). In the literature, pairs of strands such as 5 and 6 are sometimes
considered to be segments of a common strand, and thus, are often referred to as, for example,
D' and D.
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by the N-terminal region of the module. Both sheets contribute hydrophobic side
chains to a compact core, and there is a disulfide bond between C' and C", and
another disulfide between C!" and CW, as expected. These two disulfide bridges staple
the N-terminus and the C-terminus to opposite ends of the four-stranded sheet, and
are far apart from one another, forming the upper and lower boundaries of the
hydrophobic core. The module has an overall elongated shape with -strands 2, 4,
6, and 7 aligned very approximately with the long axis while the N- and C-termini
are found at opposing ends of the long axis. This is consistent with the extended,
head-to-tail arrangement of CCP modules within RCA proteins suggested by other
experimental methods.

Alignments of CCP module sequences analyzed in the light of the structure
showed that many structurally important residues, such as the tryptophan that lies
between C"" and C' in the sequence and is buried in the structure, are conserved
or conservatively replaced (Figure 2.2); therefore, it appeared likely that other CCP
modules would share a similar structure. To illustrate this point, the fH~16 structure
was used as a template for modeling of putative CCP modules from the selectin
family, which have an extra pair of cysteines. The homology modeling*® was con-
sistent with the additional cysteines being arranged in such a way as to allow
formation of the expected third disulfide.

The fifth module of factor H (fH~5) has only 33% sequence identity with fH~16.
It was therefore selected for 3D structure determination by NMR as a second,
divergent, example of a CCP module.* The two modules may be seen (Figure 2.7)
to share the elongated scaffold-like 3-structure discussed above. There are, however,
eight short B-strands (numbered 1 through 8; see Figure 2.6b) in fH~5. Strands 1
and 3 are apparently not present in module 16. (In other words, the equivalent

FIGURE 2.7 Overlay of the 3D solution structures of the 5th and 16th CCP modules of fH.
The tube representation of the backbones of the first two CCP module structures to be solved
illustrates that although sequence identity between these two is low, they share a similar 3D
structure.



Complement Control Protein Modules 33

residues of fH~16, while strand-like, did not adopt ¢ and  dihedral angles within
the ranges expected of a -strand.) These two additional strands form a small (-
sheet that closes off the other (N-terminal) end of the half-barrel with respect to that
occupied by the 5/8 B-sheet. To summarize the topology of the CCP module (Figure
2.6b) strand 1, when present, includes the N-terminus and C; strand 2 follows the
Gly at position (C' + 8/10); strands 3 (when present), 4, and 5 occur (underlined)
within the hXhGXXhXhXC'"XXGTthXhXG motif; strand 6 precedes (and may
include) C™; strand 7 includes the invariant Trp; and strand 8 includes C"V and the
C-terminus of the module.

The 3D structures of fH~5 and fH~16 may be overlaid on the o and 8 carbons
of the equivalent consensus Cys and Trp residues with a root mean square deviation
(rmsd) of 1.45 A, but loops, bulges, and turns diverge. The rmsd over the equivalent
Ca atoms of 49 residues after superimposition using the program Multiprot™ is 2.6
A. One region in particular — corresponding to residues 17 to 22 of fH~16 — was
not well defined by the experimental data in either module, and is highly variable
in sequence among CCP modules generally, and corresponds to a prominent loop
(Figure 2.7) that projects laterally from the elongated body of the module. This
region was named the “hypervariable” loop or region.

2. Further Examples of CCP Module Structures

In the decade since the initial structural work that focused on these two isolated
CCP modules from factor H, a wealth of structural data on CCP module 3D structures
has been amassed (Table 2.1). To date, 25 such structures have been solved, normally
in the context of longer fragments of the parent protein. Of these, four derive from
the complete structure of B2GPL3%3! which also contains a fifth very divergent
version of a CCP module that is involved in phospholipid binding.3! The remainder
are examples found in complement proteins — one module from Cl1s>? and two
from Clr,” two from the N-terminus of CR2*% and the remainder from the
complement regulators fH (i.e., fH~15% in addition to fH~5 and fH~16), MCP
(two),”” DAF (all four modules, but coordinates were not available at time of
writing),’®-% CR1 (three),! and the viral mimic, VCP (all four modules representing
the only complete protein structure).®>-6* Of the 25 CCP modules for which structures
have been solved, 19 were determined by x-ray crystallography, 11 by NMR, and
five by both techniques. Several CCP module structures have been solved in different
contexts — for example, alone or with neighboring modules attached. The set of
solved structures includes five CCP sequences that did not fall into any of the
sequence clusters defined by Soares et al. (unpublished) (Section II.B, Figure 2.4).
The remainder are members of clusters A (six), B (two), C (four), F (four), G (one),
and H (two). Where both NMR and x-ray diffraction were used to solve the structure,
agreement varied from good (e.g., 1.14 A for VCP~3)%2%* to poor (3.31 A for
VCP~2).6283 It is rare for solution and crystallographic structures of proteins to differ
significantly. In the case of VCP~2, the presence or absence of neighboring modules
could possibly explain some of the discrepancies; for instance, the solution structure
of VCP~2 was solved in the context of the 2,3 pair, while the crystal structure derives
from a structure of intact protein. On the other hand, the solution structure of CCP
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TABLE 2.1
List of All Solved CCP Module Structures
Modules
CCP-Containing Protein Solved PDB Code(s) References
Factor H (fH) 054, 15,16  1HFHP,; , IHFI’,;, THCCb,, 48, 49, 56

Decay accelerating factor (DAF) 02, 03, 04 1HO3¢;,, 1HO4<, ,, 1H2P<;,, 58, 60
1H2Q¢5,, 1UOTS, ,

INWV?,
Membrane cofactor protein (MCP) 01, 02 1CKL¢, , 57
Complement receptor 1 (CR1) 15, 16, 17 1GKN®5 s, IGKG®4 7, 61
1GOP;s
Complement receptor 2 (CR2) 01, 02 1GHQ¢, ,, 1LY2¢, 54,55
Vaccinia complement protein (VCP) 01, 02, 03, 1G40¢°, ,, 1G44¢,,, IVVCP,,, 62-64
04 1VVD®,,, IVVE?,
1E5G", 5
Clr 01, 02 1GPZ¢, 53
Cls 02 1ELVe, 52
Beta-2-glycoprotein-I 01, 02, 03, 1C1Z¢, 4, 1QUB¢, 30, 31

(B2GPVA, H) 04
CCP, complement control protein; PDB, Protein Data Bank.

2 Coordinates are available from http://www.bru.ed.ac.uk/~dinesh/ccp-db.html.

b Solved by nuclear magnetic resonance spectroscopy.

¢ Solved by x-ray diffraction.

d Reconstructed CR1 15-17 from nuclear magnetic resonance structures 15, 16 and 16, 17.

module 16 of CR1 was essentially the same when solved as an isolated module or
in the context of the CR1~15,16 and CR1~16,17 pairs.%!

Combinatorial extension (CE) is a method for calculating pairwise structure
alignments using characteristics of their local geometry as defined by vectors
between Cao positions.® Using CE, all of the solved CCP module structures were
compared with one another (Table 2.2). The more recently solved module structures
may be superimposed by CE on the original mean structure of fH~16 (assigned to
cluster B) using the Ca atoms of between ~46 and 56 residues (out of ~60). The
resulting rmsd values lie between approximately 1.9 and 3.1 A (see Table 2.2). The
most similar to fH~16 is B2GPI~3 (not assigned to a sequence cluster; rmsd = 1.93
A over 54 residues). The other cluster B structure, fH~15, also overlays relatively
well (rmsd = 2.09 A over 56 residues). Note that the CCP module of known structure
with most sequence similarity (42% identity) to fH~16 is VCP~3 (rmsd = 2.34 A
over 54 residues). This is considerably less structural similarity than is generally
observed for proteins of such high sequence similarity; for instance, 50% sequence
identity typically corresponds on average to an rmsd less than 1 A over equivalent
backbone atoms.® The most dissimilar modules in structure to fH~16 are MCP~2,
CR1~16, and DAF~3 (see Table 2.2). Fewer CCP module structures superimpose
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well on the structure of fH~5 than on fH~16 — the most similar is VCP~4 (rmsd
=2.09 A) and the most different is MCP~1 (rmsd = 3.15 A). The second CCP
modules of both Cls and Clr (see Chapter 3) were excluded from this analysis since
the relevant coordinate files are incompatible with CE due to missing residues.

Globally, DAF~4 (cluster A) appears to be the most “typical” out of the set of
solved 3D structures — its rmsd (according to CE) is less than 2 A for each of ten
other modules (as low as 1.2 A when compared to CR2~1), and only differs by more
than 2.6 A in the case of one module (VCP~2, 2.9 A). Other structurally “typical”
modules are Clr~1 (upon which nine other modules may be superimposed with an
rmsd less than 2 A, including all four $2GPI modules), and B2GPI~2 (upon which
ten modules may be superimposed with rmsd less than 2 A, but which exhibits high
rmsds when superimposed with VCP~1, CR1~17, and CR1~15).

Figure 2.8 shows a global overlay of all 24 CCP module structures for which
coordinates are currently available. From this superimposition, a “consensus module
structure” emerges. The best conserved part of the structure corresponds to the four
stranded antiparallel B-sheets comprised of strands 2, 4, 6, and 7, with the inner 3-
strands 4 and 6 being particularly highly conserved. Residues corresponding to [3-
strands 3 and 5 converge less well and the first and last strands (1 and 8) are the
least well conserved. The sequence connecting (3-strands 3 and 4 is never the site
of an insertion, and is the most highly conserved turn. The 4-5 loop is also struc-
turally conserved — insertions in the 4-5 loop as exemplified in this set of structures
by CRI1~17, occur only in CR1~7/14/21/28; CR1~3/10/17/24; CR2~5 and 9 (six
residue insertions); and MCP~03 (five residue insertions). The 6-7 loop is more
variable in size — with CR1~17 illustrating the maximum length that it attains
among the RCA proteins. The stretches of residues between strands 1 and 2, are
poorly conserved but have the same general appearance in the overlaid structures
— an extended region running toward the C-terminus followed by a change of
direction so that strand 2 heads toward the N-terminus. The 1-2 region is a site for
insertions in only a few modules (e.g., C4BPo~6) for which there are no structures
as yet. The three regions in the current structure set displaying the highest variability
lie between strands 2 and 3, strands 5 and 6, and strands 7 and 8. All these regions
lie to the “sides” of the modules, away from the termini and the junctions with
neighboring modules. Both the 5-6 and the 7-8 regions of the great majority of the
solved structures do converge toward a clear consensus that is visible in the overlay.
The 5-6 region is notable for its bulge-like appearance, as the main chain leaves
strand 5 at the (C" + 8) Gly, and makes two sharp bends to direct itself first back
into the body of the module and then “down” (in Figure 2.8) to form strand 6 that
is aligned with strand 4. Obvious outliers are the Clr and C1s modules (see Chapter
3) that are unusual in having large insertions in both these regions that form very
prominent features protruding laterally from the bodies of the module (in the case
of C1r~02 and Cl1s~02 the 7-8 insertions were not visible in the electron density
presumably due to their flexibility). It is only in the 2-3 region that no consensus
appears in the overlay — this is the “hypervariable” region referred to previously,
and is a site of sequence and length diversity across all CCP modules.?
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FIGURE 2.8 A consensus 3D structure emerges from an overlay of 24 CCP structures. Left
side: two views (related by a 180° rotation about the vertical axis) of a superimposition (using
Multiprot) of all 24 accessible CCP module 3D structures. To help interpret the overlay, a
Molscript representation showing the same views of fH~5 is drawn on the right side, with
strands numbered 1 to 8, as in Figure 2.6b. It is not intended that the viewer try to trace
individual structures within the superimposition, but this figure summarizes structural diver-
gence and provides a good representation of the consensus structure. Outliers, clearly visible
in this representation, are labeled, and the hypervariable loop is indicated.

3. Homology Modeling of New CCP Module Structures

Comparative or homology-based modeling is a widely used technique for predicting
3D structure of proteins. It works on the principle that if a protein sequence shows
significant sequence similarity to another protein of known structure, then a fairly
accurate 3D model of that protein sequence can be obtained.

In a methodology implemented by Soares et al. (unpublished), large-scale protein
structure modeling was automated for a number of individual CCP module sequences
based on their most similar homologues for which experimentally determined struc-
tures are available. As described earlier, a set of 203 CCP module sequences,
including members of the RCA family were assigned to nine clusters. Each cluster
was then aligned separately. The alignments were subsequently used to guide an
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automated modeling procedure for individual CCP modules of unknown structure
using the program Modeller.” Nineteen experimentally solved structures were
assigned to and used as templates for their respective clusters. (Five experimentally
determined modules were unassigned to clusters and not used as templates.) A total
of 136 structures, including those corresponding to 61 RCA CCP module sequences
(27 from CR1, nine from factor H, one from DAF, two from MCP, nine from C4BPa.
and {3, 12 from CR2) were modeled in this way. The remaining 51 assigned sequences
belonging to clusters D, E and I were not modeled, since no template structures
were available. All models are available at www.bru.ed.ac.uk/~dinesh/ccp-db.html,
and will be updated as more template structures become available. The models
should be useful in interpretation of existing mutagenesis data and designing new
mutants that test functional hypotheses.

IHl. INTERMODULAR JUNCTIONS:
STRUCTURE AND MOBILITY

RCA proteins are extended molecules that have a large surface area relative to their
M, for potential interactions with binding partners. In general, each RCA protein
has multiple binding sites, and each binding site encompasses surface elements from
two or more neighboring CCP modules. Simultaneous occupation of binding sites
on the same protein molecule, and interplay between them, may be required for
biological function of some RCA proteins. In the light of these observations, it is
important to consider the way in which each CCP module is attached to its neighbors.
Are there well-structured junctions between modules that result in rigid, defined
intermodular angles? Or are junctions open and flexible allowing unrestricted inter-
modular movement? Do the modules that contribute surface elements toward a
common binding site rearrange themselves during binding to a ligand? These issues
are pertinent to mechanisms of binding and biological action.

A. INTRODUCTION TO JUNCTIONS

Each intermodular junction may be regarded as being made up from proximal loops
and strands of the respective neighbors, plus the “linker.” As already discussed, the
linker is defined for convenience as the sequence of residues between C' of the first
module and C! of the next module. The forces that influence the structure and
flexibility of such a junction thus consist of the covalent linkages and noncovalent
interactions within the linker; interactions between the proximal loops/strands of the
neighboring modules; and interactions between loops/strands of modules and the
linker. Approximately 13% of linkers between modules of the RCA proteins have
only three residues. This appears to be a minimum with regard to the possibility of
both modules being able to fold successfully, consistent with the fact that one or
two residues before C! and after CV commonly form part of strands 1 and 8,
respectively. The most common linker length (see Figure 2.3) is four residues (57%
of linkers), while linkers of five, six, seven, and eight residues also occur. Five of a
total of seven eight-residue linkers and two out of a total of four seven-residue linkers
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FIGURE 2.9a Intermodular arrangements. (a) Schematic of skew, tilt and twist angles that
define the orientation of module 2 (grey) with respect to module 1 (black). These three angles
are necessary and sufficient to reproduce, in three steps, the experimentally determined
orientation of module 2 relative to module 1, starting from a theoretical conformation in
which the two modules are aligned, with module 2 above and module 1 below (see left panel).
(b) Skew, tilt, and twist angles are plotted (for left scale, see key for symbols) for all
experimentally determined structures of multiple CCP module fragments. In each module,
the z-axis was defined by the principal inertia tensor, and the x-axis was defined with reference
to the Ca of the consensus Trp residue. Values for pairs of modules are plotted in order of
increasing tilt angle; the identity of the protein, and the two modules involved is marked on
the graph (N, solved by NMR; X, solved by x-ray diffraction). Grey symbols are used to
emphasize that some of the pairs analyzed are nonadjacent. Where more than one structure
is available, that is, where there is an ensemble of NMR-derived structures or where several
molecules are present in the unit cell of a crystal, the data points plotted are average values
and error bars represent the standard deviation of angles observed. Buried surface areas for
each junction are plotted as bars (scale at right). In the case of NMR-derived structures, the
lowest energy, or where available, closest to average structure in the ensemble was used.
Where several x-ray structures are in the database, the structure of highest resolution was
used. Details of the calculation are given in the text. (Raw data available at:
www.bru.ed.ac.uk/~dinesh/ccp-db.html.)

are found in CR2, which has on average the longest linkers (5.8 residues) of any of
the RCA proteins (e.g., factor H, 4.6; CR1, 4.2).

Intermodular orientations may briefly be described by a tilt angle and an angle
of twist. These two angles are sufficient to describe how one module may be rotated
relative to its neighbor about two defined (with respect to some feature that is
common to both modules) orthogonal axes in such a way that the two modules
become aligned end to end with one another.? These two angles alone are not,
however, sufficient to describe the reverse process, that is, how to restore a unique
arrangement of two CCP modules starting from the case where both are aligned end
to end (Figure 2.9a). This is because it would be impossible to know on the basis
of just that information in which direction to tilt the second module with respect to
the first even though the angle of the tilt itself is known. The direction may be
defined by a third angle — skew® (see Figure 2.9a). Finally, because the linker
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varies in length, another parameter — distance (between centers of neighboring
modules) — is sometimes helpful in describing an intermodular orientation. Figure
2.9b is a summary of tilt, twist, and skew angles for all of the CCP junctions that
are available in the Protein Data Bank (http://www.rcsb.org/pdb). The surface area
(SA) buried in each junction is also indicated in Figure 2.9b. This was estimated by
first calculating SA% of a CCP module pair ij (SAY), then repeating the calculation
for each of the modules in turn (equal to SA' and SAJ) where the linker (from CY
of module i to C! of module j) was clipped at the peptide bond between the central
pair of residues. The buried SA was then defined as (SAi + SAJ) — SAU, and therefore
includes contacts between atoms belonging to the two halves of the linker.

B. EXAMPLES OF INTERMODULAR JUNCTION STRUCTURES

The initial structural investigation of a pair of CCP modules was performed on the
15th and 16th modules from factor H expressed as a recombinant protein in S.
cerevisiae. These studies were carried out using 2D 'H-NMR on a pure (no salt or
buffer) 2-mM sample of protein at pH 4.7 and 27°C.>° The basis of an NMR-derived
structure is a list of pairs of atoms that are less than 5 A apart in the folded protein;
each entry in such a list is referred to as a distance-restraint. While many intramod-
ular distance-restraints were inferred from the spectra, intermodular distance
restraints (i.e., between two residues, each residing in a different module) were
almost absent. Only four such restraints could be detected. The ensuing structure
calculations based on all distance restraints indicated an extended, head-to-tail
arrangement of the two neighboring CCP modules with a very limited intermodular
interface. The lack of significant contacts between the modules was consistent with
the observation that the NMR frequencies of module 16 hydrogen nuclei were
independent of whether module 16 was studied in isolation or in the context of
the pair. A preferred intermodular orientation was evident among the ensemble of
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calculated structures, presumably due to distance restraints between residues of the
linker and residues of nearby loops from the two modules. A subsequent structure
calculation, however, using a different computational algorithm® indicated a some-
what different intermodular conformation. It is highly probable that significant
flexibility exists between modules 15 and 16 of factor H. On the other hand, the
shortness of the linker (four residues) and the steric bulk of the two modules must
limit the freedom of intermodular movement to some extent — disallowing, for
example, a conformation in which the two modules are organized in a side-by-side
arrangement.

Subsequently, the structure of a second module pair was determined using x-
ray crystallography.”” The N-terminal two CCP modules of MCP (MCP~1,2) were
expressed in Chinese hamster ovary cells as a high-mannose glycoform, and their
structure was solved at a resolution of 3.1 A. Crystals were grown at 20°C, pH 6.5
(in 16% 8-kDa polyethylene glycol [PEG]) and, notably, 40 mM CaCl,. The asym-
metric unit of the crystal contained six molecules of MCP~1,2. Two sets of three
molecules each formed a “three-legged table,” in which each leg consists of a module
2 (Figure 2.10). One table is inverted, and it stacks on top of the other creating the
hexamer. Extensive contacts between molecules were observed, and these were
particularly evident within each trimer. The N-terminal end of the first module
contacts residues within the small interface (buried surface area equals 456 A?)
between the two CCP modules in the neighboring molecule. A Ca* ion appeared
to be ligated by aspartate residues of CCP module 1 lying close to the interface and
this ion participates in solvent-mediated contacts with module 2. Bearing in mind
the extent of intermolecular interactions compared to the more limited intramolecular
intermodular contacts, it seems likely that the N-terminal two domains of a mono-

MCP hexamer in unit cell Module 1

3X Module 1 £

? %) Module 2
\ / . !

Module 2

FIGURE 2.10 The 3D crystal structure of the N-terminal two CCP modules of MCP. The
left-side panel shows the arrangement of the six molecules in the unit cell, with each molecule
drawn in a different color. The right-side panel shows a cartoon of one molecule. Some
residues that were proposed to represent a key interaction site for measles virus binding are
drawn as ball and stick.
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meric version of MCP would be less constrained relative to one another than they
are in the crystallographic hexamer. Some evidence for flexibility derives from the
range of conformations within the unit cell (see Figure 2.9b). The tilt angle between
the two CCP modules differs between members of the hexamer over the range 61°
to 75° (mean 68.3 + standard deviation 5.7°, n = 6), and the twist and skew angles
are —158 = 7° and -20 + 2°, respectively. While Ca?* was needed for crystallization,
the physiological relevance of the Ca?* ion and its role in stabilizing the junction
within the crystal are not entirely clear. The crystal structure of MCP~1,2 thus leaves
unresolved the issue of the flexibility of the intermodular junction under physiolog-
ical conditions. It remains possible that in its physiological state it is just as flexible
as the factor H 15-16 module pair. An additional interesting aspect of the MCP~1,2
structure is the presence of a glycan moiety on each module (N-linked to N49 and
N8O0). These occupy the concave surface created by the tilt angle between modules
and project toward one another. The N-glycan on N8O (in module 2) could have a
stabilizing influence on the structure of that module since it has hydrophobic contacts
with hydrophobic side chains that might otherwise be solvent exposed. This could
explain the requirement of N-glycosylation at N8O for virus binding.

Two papers®®3 subsequently described the crystal structure of human 2GPI
purified from plasma. While this protein is not directly involved in the complement
system, this work is of great interest since it reveals three new inter-CCP module
junctions — the fifth CCP module is aberrant and so the 4-5 junction is excluded
from the present analysis. Crystals were grown at high salt [1.5 M (NH,),SO, or
(NH,),HPO,] and either pH 5.6 or 7.5. Both x-ray diffraction studies of 2GPI
produced very similar structures to one another with excellent conservation of the
intermodular angles. As in previous examples, the modules are arranged end to end
with relatively few intermodular contacts. In particular, the 2-3 intermodular junction
buries little surface area (362 A?), and there is a relatively small tilt between these
modules (tilt = 33°; twist = 89°; skew = 60°) (see Figure 2.9b). The 1,2 junction in
both B2GPI structures, although burying a larger SA (496 A2) than the 2,3 junction
exhibits an even shallower tilt — just 10.9° on average (twist = 134° and skew = -
140°) — thus making it the most elongated pair observed to date. The B2GPI~3,4
junction is more markedly tilted (tilt = 53°; twist = 40°; skew = 100°). In the light
of previous comments on intermodular orientations of MCP within the crystal lattice,
it is of interest that a subsequent solution study of the structure of $2GPL® based
on small-angle x-ray scattering (SAXS), suggested that the “J-shaped” conformation
observed in both crystal structures does not predominate — an alternative solution
“S-shaped” conformation of the protein was proposed that is more consistent with
the SAXS data. In this conformation the 2-3 junction has a 60° tilt rather than the
33° tilt observed in the crystal structure. Alternative explanations for the inconsis-
tency between the crystal structures and the scattering data are possible, including
a dynamic interchange of still other conformations. Thus, like the structure of
MCP~1,2, the crystal structures of B2GPI may reveal only a very limited set of the
possible conformations at the 2—3 junction that occur under physiological conditions.
One explanation, advanced by the authors of the SAXS study,® is that the high ionic
strength of conditions used for crystallization was such that hydrophobic interactions
between modules could be artificially strong.
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Another example of differences between the conformations of solution and
crystal structures came to light with the determination of the first complete comple-
ment protein structure — that of VCP. Crystals of VCP were obtained at pH 7.5,
20°C and in ~10% PEG 6000 or 8000. The three protein molecules in the unit cell
of one crystal form of intact VCP, and two molecules in another exhibited essentially
the same tilt, twist, and skew angles at the three intermodular junctions, suggesting
a structure®? that is rigid throughout its length. Within each molecule, the three tilt
angles (ranging from 63° to 100°) are larger than the tilt angles observed in 2GPI.
The 2-3 junction buries the least SA (591 A2). Interestingly, the solution structure
of the 2,3 CCP module pair of VCP determined by 'H,"’N-NMR,% together with
measurements of NMR relaxation and a series of other biophysical studies,” strongly
indicated flexibility at this junction. The solution structure of a VCP 3,4 module pair
had also been solved using 'H,'’’N-NMR.* Unlike in the cases of VCP~2,3 and
fH~15,16, for VCP~3,4 a useful number of distance restraints involving hydrogen
nuclei on different modules were obtained. In contrast to the VCP~2,3 situation,
these allowed the intermodular orientation to be calculated with some confidence,
although there were insufficient distance restraints to define it fully (tilt = 67 + 6°;
twist = 7 + 9°; skew = 81 = 11°). The subsequent crystal structure of intact VCP®?
yielded a more tilted but roughly similar 3,4 intermodular orientation (see Figure
2.9b, tilt = 100 = 1; twist = =19 =2°; skew = 75 +1°) with a junction involving the
same residues. Thus, in the case of VCP~3,4, the differences between crystal and
NMR structures were less significant, and both methods were consistent with a
relatively inflexible junction.

A third example where crystal and solution structures have been used in a
complementary fashion is provided by more recent studies of the N-terminal modules
of CR2%5 (Chapter 6). Briefly, an unusual side-by-side orientation of these two
modules (reflected in a very large tilt angle of 142° and buried SA of 984 A2), made
possible by the eight-residue linker, was observed by crystallography while solution
studies are consistent with a more extended arrangement.”! A fourth example is
discussed in Chapter 9.

These examples demonstrate that junctions that are flexible in solution under
approximately physiological conditions may be rigidified either by the conditions
used for growing crystals, or by the process of forming the crystal. In the latter case,
the observed conformation might reflect one of several, or even many, possibilities
that is energetically favored in solution (discussed further in Section IV). Clearly,
caution should be exercised when inferring from these structures the proximity of
residues that are functionally important within the same binding site, but are on
different modules. It is known, however, that some junctions between CCP modules
are relatively rigid, even in solution. The interface between modules 15 and 16 of
CR1°' (Chapter 8) is another example of a more defined junction, as indicated by
NMR and a range of other biophysical data.’>7?

In Figure 2.9b intermodular angles of all the available NMR and crystal struc-
tures of CCP module-pairs are plotted in order of increasing tilt angles. This figure
also contains data for the orientations of non-neighboring modules, to be discussed
in the next section. The uncertainties (reflecting experimental limitations, flexibility,
or both) are greatest for the NMR-derived structures. Average tilt angles for the
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FIGURE 2.11 The 3D crystal structure of intact VCP. A Molscript representation of both
molecules (A and B) of VCP in the unit cell with each CCP module drawn in a different
color. The relatively open junction between the central modules is evident, as the more
extensive junction between modules 1 and 2.

neighboring pairs range from 11° to 142°, with over half the structures displaying
tilts between 31° and 64°. There is no correlation between tilt angles and twist or
skew angles — the latter two angles cover almost the full 0° to =180° range. There
is a trend for higher buried SA with higher tilt angles to the extent that outliers can
be commented on. The VCP~1,2 junction buries a large SA for its tilt angle, but
this can be explained by the specific nature of the intermodular interface (see Section
IV and Figure 2.11). On the other hand, MCP~1,2 buries a small SA relative to the
intermodular tilt, but as mentioned previously, there are complications here due to
glycosylation, crystal contacts, and the Ca?* ion present at the intermodular interface.

C. SoME EMERGING THEMES

With the exception of the CR2 pair, all linkers within the 3D structures solved so
far consist of four residues. Inspection of the various intermodular interfaces within
this set of structure reveals the following. (a) The backbone of the linker participates
in H-bonds with residues in the body of the module; the N-terminal half of the linker
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frequently forms part of -strand 8 (which has H-bonds to strand 5 and a disulfide
bond to strand 4) (see Figure 2.6b), and the C-terminal half is sometimes a part of
B-strand 1 (H-bonded to strand 3, disulfide linked to strand 6). (b) The consequence
of these linker residues being involved in $-strand formation is that few covalent
bonds within the linker are freely rotatable. Combined with the steric bulk of the
modules this limits flexibility at the junction even in the absence of favorable
interactions between the bodies of the modules. (c¢) Because of the lack of potential
flexibility and the fact that the bodies of the modules are tethered by a short linker,
there is inevitably the potential for van der Waals contacts between modules to
provide energetically favored conformations. Due to the generally small size of the
interface and possible lack of specificity, such conformations may not occupy deep
potential energy wells, and may not be unique, but some conformations may be
sufficiently favored to be “frozen out” by crystallization, especially where crystals
are grown in the cold, or under far from physiological conditions (e.g., high salt,
high PEG). (d) Where alkyl and aromatic side chains (or long polar or charged side
chains with alkyl segments) are present, there is the potential for more specific
interactions created by both close packing (van der Waals) and exclusion of water
(hydrophobic effect). The linker — which frequently contains residues with large
side chains — and both modules can contribute to such a junction which conse-
quently has the potential to be relatively rigid. An example of such a junction is that
of VCP~3-4. (e) Equivalent residues within modules participate in most junctions
and are located in the regions just before strand 2, and strand 5 itself (at the N-
terminus), strand 3 and the 3—4 loop, and the 67 loop (at the C-terminus). Inspection
of these residues in sequence alignments could provide clues as to the sort of junction
that might be formed (but see below). (f) The 1-2, 34, and 67 loops are frequently
the sites of insertions, and these may create unique junctions. An example is the
VCP~1-2 interface (described in Section IV and below). On the other hand, such
insertions do not necessarily participate in the junction — an example is CR1~16s
10061010 insertion between strands 6 and 7. Each junction is unique. For example,
in VCP~1,2, the side chain of Arg40 of module 1 is extended and largely buried; it
runs parallel with the linker, making many contacts with linker residues, and its
guanido group participates in an unusual infermodular H-bond with the carboxyl
group of Asp84.

In conclusion, a very wide range of intermodular orientations has now been
observed and the various junctions between CCP modules may have varying degrees
of flexibility. Under the circumstances, it is hardly surprising that it has proved
impossible to predict, on the basis of the residues likely to be involved, either the
structure or the flexibility of the junction. Therefore, for the time being, the exploi-
tation of homology for reliably predicting RCA protein structures is limited to
individual modules. Still more experimental evidence is required before junction
structures and intermodular orientations can be predicted by homology. There is
clearly a strong case for future extensive mutagenesis and structural studies of
intermodular junctions, as well as structural work on further new examples of
junctions with native sequences.
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IV. STRUCTURES OF LARGER FRAGMENTS AND
INTACT PROTEINS

So far we have dealt with the building blocks of the regulators of complement —
the CCP modules — and the way in which these modules are arranged with respect
to their neighbors. But to understand how the RCA proteins work it is necessary to
be able to piece together the structures of intact proteins. The best characterized is
VCP (Section IV.A). Less detailed information is currently available for other mem-
bers of the RCA family. A structure of the four CCP modules that comprises part
of the extracellular portion of DAF has been solved (see Chapter 9), but the coor-
dinates were not released at the time of writing. No further experimental structural
information has been reported for MCP — but modeling and mutagenesis studies
(Section IV.C) have shed some light on its structure—function relationships. The
remaining complement regulators, being substantially larger, are unsuitable for NMR
and, so far, have proved recalcitrant to crystallization. Detailed knowledge of factor
H structure (Section IV.B) is limited to a few modules but low-resolution structural
information based on scattering and analytical ultracentrifugation is emerging (Chap-
ter 13). What is known of the structures of CR1 and CR2 is discussed elsewhere in
this volume (Chapters 6 and 8). The only RCA protein for which no high-resolution
structural information has been obtained so far is C4BP (Section IV.D).

A. VAccINIA VIRus COMPLEMENT CONTROL PROTEIN

The first and only structure of a complete RCA — the four module viral regulator,
VCP — was solved by crystallography.®? VCP, the first microbial protein identified
to have complement inhibitory activity,?7* is the smallest and simplest complement
control protein, lacking glycosylation or other modifications, and just 244 residues
in length. It has been reported to act as a cofactor for factor I cleavage of C3b and
C4b77 inhibiting both alternative and classical pathways of complement.’® Through
this ability, VCP secreted from virally infected cells is believed to protect the host
cell and released viral progeny from host complement attack.”””7® More recently,
VCP was shown to resemble other fluid-phase complement regulators in the pos-
session of an ability to bind heparin and heparan sulfate proteoglycans.”

In both crystal forms that were analyzed, VCP appears (see Figure 2.11) as an
elongated molecule lacking in intramolecular contacts between nonsequential mod-
ules. In the asymmetric unit of form I crystals (Figure 2.11), two VCP molecules
(A and B) are arranged head to tail such that the C-terminal CCP module of each
molecule contacts the N-terminal module of the other. The three molecules (C, D
and E) in the asymmetric unit of form II crystals are arranged in a completely
different way (not shown) — there is an approximate threefold rotational symmetry,
but D is translated by approximately half its length along the axis of rotation such
that the C-terminal module pair of D interacts with the N-terminal module pair of
both C and E. Note that neither dimers nor trimers of VCP are observed in solution
under physiological conditions.?’ In the MCP~1,2 crystal structure, packing forces
were implicated in constraining intermodular flexibility. But in the case of VCP,
each of the crystal forms exhibits a completely different set of packing interactions.
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Despite this, all five crystallographically independent molecules in the two structures
are highly similar in structure as reflected both in rmsds (0.28, 0.67, 0.68, and 0.69
A, for B strand Co. atoms of molecule A compared with those of B, C, D, and E,
respectively), and in the narrow range of tilt, twist, and skew angles observed (Figure
2.9b) at each junction. This suggests that crystal-packing interactions are unlikely
to be responsible for the conformation of VCP observed in the crystals, but rather
that a preferred conformation exists in solution under the conditions used for crystal
growth.

The two modules at the N-terminus interact with one another closely as does
the C-terminal pair. There are fewer interactions between the central modules 2 and
3. The 1,2 pair is less tilted than the lower 3,4 pair (Figure 2.9b). Module 1 has an
unusual insertion (GIn42, Lys43) that forms a prominent beta-bulge close to the
interface with module 2. Module 2 has a five-residue insertion (Leul09-Ser114)
that forms a long loop close to the interface with module 1. These two features
interact to bury a relatively large SA (Figures 2.9b and 2.11), preventing the two
modules from tilting further. Otherwise, the two pairs 1,2 and 3,4 appear to share
remarkably similar intermodular orientations. In the crystal lattice, other intermod-
ular angles conspire such that module 3 has almost a zero tilt and twist with respect
to module 1 but is just skewed by ~66°. On the other hand, modules 2 and 4 in the
crystal structure are tilted by (~35°), and through a combination of twist and skew
angles are rotated by approximately 180° with respect to one another. The x-ray and
NMR data (see discussion in Section III) may probably be combined in a model
that includes “tight” 1,2 and 3,4 junctions, but allows freedom of movement at the
2,3 junction in solution, which is “frozen” during crystal growth either by the lower
temperature used and/or high concentrations of PEG 6000/8000.

From an electrostatic perspective, the crystal structure of VCP features two
surface patches of positive charge, one straddling modules 1 and 2, and the other
on module 4, with several Lys and Arg residues contributing in each case. Residues
with acidic acid side chains are well represented in modules 2 and 3, endowing those
central modules with a net negative charge. Heparin—protein interactions are domi-
nated by electrostatic interactions between negatively charged heparin sulfate (and
carboxyl) groups and suitably spaced Lys and Arg residues in proteins. Modeling®?
of heparin binding to VCP employing a heparin-acidic fibroblast growth factor (FGF)
complex®! as a template revealed that Co atoms of a quartet of Lys residues, K214,
K216, K220, and K241, which lie in a flexible region of VCP module 4, were
superimposable (rmsd = 2 A) on the corresponding atoms of the heparin-interacting
residues K113, R119, R112, and K128 of acidic FGF. A more recent crystal structure,
of VCP in complex with heparin, supported the existence of this binding site.!”®
There are, however, as yet no published confirmatory mutagenesis studies on VCP.
Likewise, mutagenesis studies are required to make full use of the structure in
understanding the mechanism of VCP’s interaction with C3b and C4b.

B. Factor H

Surfaces escape damage mediated by the alternative complement pathway if they
carry certain host-specific, negatively charged carbohydrates. The protective effect
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of such markers has been attributed to the complement inhibitor fH.8? Factor H (1213
amino acid residues, Mr ~155,000) is a plasma glycoprotein (500 ug/ml) that can
recognize and bind to polyanionic sugars.?? Subsequently, the sequestered fH dis-
plays both decay-accelerating and cofactor activities toward alternative pathway
convertases that would otherwise assemble nearby.’

Module-deletion experiments demonstrated that fH carries several functional
sites at discrete locations throughout its 20 CCP module length (see Table 2.3). The

TABLE 2.3
Factor H Ligands
Ligand Binding Site References
Complement factor C3b CCPs 1, 2, 3,4 + CCPs 12, 13, 14 (C3c¢) + 126
CCPs 19, 20 (C3d)

Heparin CCP 7 + CCPs 12, 13, 14 + CCPs 19, 20 127-130
C-reactive protein (CRP) CCPs 7-11 131
Adrenomedullin (AM) CCPs 15-20 + CCPs 8-11 132
Borrelia afzelii

¢ BaCRASP-1, -2 CCPs 1-7 133

* BaCRASP-4, -5 CCPs 19, 20
Borrelia burgdorferi

* BbCRASP-1, -2, -3,-4,-5 CCPs 19, 20 133, 134,

* OspE CCPs 15-20 135
Candida albicans

e CaCRASP-1, -2 CCPs 6, 7 + CCP 19 136
Streptococcus pneumoniae

* Hic CCPs 8-11 137
Streptococcus pyogenes

¢ M-protein CCP 7 138, 139
Streptococcus group B

* (3 protein — 140
Echinococcus granulosus — 141
HIV

e gpdl, gpl20 — 142, 143
Neisseria gonorrhoeae

* Porinl A CCPs 16-20 144, 145
Neisseria meningitidis

¢ Class 3 Por — 146
Onchocerca volvulus

* Microfilariae (mf) CCPs 8-20 147
Yersinia enterocolitica

* YadA — 148
Trypanosoma cruzi — 149

CCP, complement control protein.
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N-terminal four CCP modules of fH harbor the ability to disrupt the formation and
stability of the convertases, while the C-terminal two modules are vital for fH’s
self/non-self discrimination. There are few mutagenesis studies at the level of indi-
vidual amino acid residues, but some naturally occurring mutants clustered near the
C-terminus have been linked to the rare inherited disorder familial hemolytic uremic
syndrome (HUS).%-# The mode of action of fH is complex — three sites have been
implicated in recognition of polyanions and three other sites are thought to interact
with various regions of C3b (Table 2.3). Binding at one site might modulate binding
or function at other sites and it has been postulated that each of the 20 modules,
along with the flexibility and structure of each intermodular junction, contributes
cooperatively or in a combinatorial fashion to the biological role of fH.%

As discussed in Sections II and III, the 3D structures of the 5th CCP module
and a module pair (the 15th and 16th) from factor H were solved using 'H-NMR.
Models for several of the remaining factor H modules may be built reliably based
on homology (www.bru.ed.ac.uk/~dinesh/ccp-db.html). Modules 1, 5 to 10, and 13
(see Figure 2.4) have lower levels of sequence similarity with modules of known
structure, and although models have been published,” these are likely to be less
reliable. Module 20, site of several key HUS-associated mutations®-! is also prob-
lematic from the point of view of homology modeling due to the difficulty of
recognizing the consensus third Cys residue and the Trp residue in the sequence
near the C-terminus: LRTTCM™ WDGKLEYPTC". This may be compared to the
more typical C"RNGQWSEPPKC! (with consensus residues underlined) of fH~19.
Thus, high-resolution data for factor H are fragmentary, and evidence concerning
the structure of the intact protein is drawn from low-resolution techniques.

Transmission electron microscopy (EM), ultracentrifugation, and gel filtration
chromatography indicated that factor H is a monomeric protein that adopts an
extended conformation.**> The component modules appeared under the EM to be
organized in a “beads-on-a-string” arrangement. The length of a theoretical protein
in which 20 CCP modules each 40 A in length are arranged end to end with a tilt
angle of 0° would be 800 A. The “contour length” (i.e., the overall length including
any bends) was estimated by EM? to be ~500 A, and the thickness to be 34 A,
implying that neighboring modules in factor H are, in general, tilted with respect to
their neighbors. End-to-end measurements for each molecule averaged 250 A and
many of the individual molecules visible in the micrographs are twisted back upon
themselves. Discounting artifacts due to immobilization, dehydration, and staining
for EM, these early studies indicate some flexibility within factor H. They are
probably not, however, consistent with a factor H molecule that has high flexibility
at every intermolecular junction.

A more recent study combined neutron and x-ray scattering studies and analytical
ultracentrifugation with modeling methods to probe the structure of full-length factor
H.*® The results were consistent with a radius of gyration for this protein of ~112
A, and radii of gyration of the cross-section of ~42 A and ~16 A. The overall length
was calculated by several independent methods to be close to 400 A — approxi-
mately half the length of a theoretical fully extended 20 CCP module protein (see
above). Experimentally derived structures of modules 5, 15, and 16, together with
modeled structures of the remaining modules (but see comments above) were used
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to build theoretical models of intact factor H. A helical model in which a similar
set of tilt, twist, and skew angles (based on other intermodular junctions of known
structure) was applied at each and every junction did not fit the scattering data. Best
fits were obtained with “folded back” but largely extended conformations. In these
models, the long linkers (see Figure 2.3) in the region of factor H between modules
10 and 14 facilitated orientations between neighboring modules that were charac-
terized by large tilt angles. The consequence appears to be a change in direction of
the protein in this region so that it folds back on itself. No single conformation fit
the data perfectly, however, and the authors of the study concluded that there is
almost certainly a dynamic equilibrium between interchanging conformers of factor
H in solution. By and large, the picture that emerges from these scattering studies
is consistent with the structures observed under the harsher conditions used for
electron microscopy.

Clearly more experimental data are required at the level of individual modules
and junctions. In particular, structural studies of module pairs in the CCPs 10 to 14
region could address the hypothesis that the longer linkers promote a doubled-back
arrangement. For example, fluorescence resonance energy transfer (FRET) studies
on multiple CCPs with fluorophores placed close to the N- and C-termini would
provide valuable information on the solution conformation of longer fragments, and
the effects on conformation of binding to C3b and glycosaminoglycans.

C. MEeMBRANE COFACTOR PROTEIN

Membrane cofactor protein is a type 1 transmembrane glycoprotein expressed by
most cells exposed to complement (reviewed in Liszewski et al.??). It helps to protect
them against complement-mediated injury by acting as a cofactor for factor I-medi-
ated proteolysis of C3b and C4b. It is also able to act as a signal transducer: Kemper
et al.** recently demonstrated a role for MCP in the differentiation of regulatory T
cells that are necessary for peripheral tolerance and prevention of autoimmunity.
MCP is used as a target molecule by several pathogens. These include measles
virus,”¢ human herpesvirus 6,”” and group B adenoviruses,’®* as well as several
bacteria including Neisseria meningitidis, which may exploit CD46 to breach the
blood-brain barrier.'® Domain deletion experiments and site-directed mutagenesis
have been employed to locate the various binding sites (see Table 2.4). As in factor
H, naturally occurring mutations in MCP have been associated with HUS.!*!

The four N-terminal CCP modules of MCP are followed by a variably spliced
STP domain that is heavily O-glycosylated, then a 12-amino acid residue segment,
a transmembrane domain, and one of two alternatively spliced cytoplasmic anchors.”
Unlike the other relatively small RCAs — DAF and VCP — there is no 3D structure
for the complete CCP module portion of MCP. Much interest has therefore focused
on the N-terminal two CCP modules for which a crystal structure has been solved>’
as described in detail in Section III.B. These two modules are inadequate for com-
plement regulation, but are necessary and sufficient for binding of the measles virus
hemagglutinin (Table 2.4). A discontinuous epitope for an antibody that blocks virus
binding coincides, on one face of CCP 1, with residues previously identified by
mutagenesis as critical for binding of the virus. This surface patch corresponds
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TABLE 2.4
Membrane Cofactor Protein Ligands
Ligand Binding site References

Complement factor C3b CCPs 2- 4 150, 151
Complement factor C4b CCPs 14 102, 150, 151
B, integrins — 152
Measles virus

* Hemagglutinin CCPs 1,2 95, 96, 153
Human herpesvirus 6

¢ Glycoprotein (gp) H-gp L-gp Q  CCPs 2, 3 97, 154, 155
Group B adenoviruses

¢ Fiber knob domain — 98, 99
Neisseria spp.

* Type iv pili CCP 3 + serine-threonine-proline domain 156, 157, 158

Group A Streptococcus
M-Protein CCPs 3, 4 159, 160

CCP, complement control protein.

approximately to the exposed parts of B-strands 4 (C in Reference 57), 5 and 6 (D'
and D in Casasnovas et al.5’). Within this region a prominent, exposed hydrophobic
feature (137, P38, P39, L40, A41) is created by the bulge between (3-strands 5 and
6 (D' and D), and this was suggested to be a critical virus binding site.’’ Several
strands of evidence indicate, in addition, residues 94 to 97 of CCP 2 in virus binding.
These residues occupy the 4-5 loop, which lies close to the C-terminus and away
from the junction, but on the same glycan-free face of the double module structure
as the putative virus contact site of CCP 1.

In order to shed light on the complement regulatory role of MCP, model building
of CCPs 3 and 4 and computational reconstruction of a fragment consisting of all
four CCP modules were undertaken.!® According to the resultant structural model,
MCP is an extended structure with limited intermodular junctions between modules
2 and 3 and modules 3 and 4 dominated by hydrophobic interactions. The model
was used in an attempt to rationalize an extensive functional study based on mutagen-
esis, epitope mapping, and synthesis of overlapping peptides from the MCP
sequence.'?? All four modules carry functionally critical sites. Some residues are
involved exclusively in C3b or in C4b interactions, while others are needed for both.
Furthermore, it is possible to inhibit cofactor activity without inhibiting binding of
C3b/C4b. A large positive patch of residues including strand 1 and the hypervariable
loop of module 4 (S206, G207, F208, G209, K210, K211) accounts for several of
the residues identified by mutagenesis to be important for C3b binding and cofactor
activity toward C4b. Several proline-rich regions of modules 2, 3, and 4, located
mainly in loops and turns between strands, harbored functionally critical residues.
Residues close to the 2-3 and 3—4 junctions also appeared to be important, consistent
with a critical structure and/or flexibility between modules. It is of note that residues
described above as critical for interactions with the measles virus, occupy sites on
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modules 1 and 2 that overlap with binding sites for C4b. It is also of great interest
that the S206P mutation in MCP that is associated with a predisposition to HUS!%!
lies at the beginning of the hypervariable loop of CCP 4, a site previously found to
be important for complement regulation (see above). This suggests that failure of
such a mutant to inactivate or regulate C3b mediates disease development.!®! An
experimentally determined structure of modules 3 and 4 is clearly now needed to
help test some of these hypotheses further.

D. C4b-BINDING PROTEIN

C4b-binding protein is a soluble glycoprotein (Mr = 570,000) with a unique qua-
ternary structure (Figure 2.12). This RCA protects many host tissues from damage
by complement. Like fH, it has both cofactor and decay-accelerating activity.!% Its
primary target, however, is the classical pathway convertase C4b2a rather than the
alternative pathway one, although it has been reported to also act as a cofactor for
fluid-phase C3b cleavage.'% It has numerous binding partners in addition to proteins
of the complement system, and in many cases the binding sites on C4BP have been
mapped (see Table 2.5). Of note is the recent discovery that C4BP is an activating
ligand for CD40 on B cells.!®

The major form of C4BP contains seven a-chains each containing eight CCP
modules and a single triple-module (3-chain.!%197 A second form of C4BP in plasma
has seven a-chains but no (3-chain, while a third version with six a-chains and one
[-chain'® has also been reported. Both a- and f-chains have C-terminal extensions
that are not CCP-like; instead, both extensions contain a pair of cysteines that lie
just beyond the last CCP module, and both regions are predicted to form amphipathic
a-helices. Kask et al. provided support for the presence of helical secondary structure
in the C-terminal extension of the a-chain by CD and FT-IR analysis.'” They further
showed that the C-terminal extension of the a-chain, comprised of 57 amino acid

NH,
B-chain

FIGURE 2.12 Schematic representation of the most common form of C4BP (7a.,f3). There
are no high-resolution structural data currently available for C4BP. Several biophysical studies
(see text) are consistent with highly extended o-chains, although they are unlikely to be linear
as shown here.
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TABLE 2.5
C4BP Ligands

Ligand

Complement factor C4b

Binding Site

CCPs 1, 2, 3 of a-chain, cluster of charged
AAs on interface CCP1-2

References

113, 117, 161-163

Heparin CCPs 1, 2, 3 of a-chain, cluster of charged 117, 163
AAs on interface CCP1-2
Complement factor C3b ~ CCPs 1-4 of a-chain, cluster of charged AAs 104
on interface CCP 1-2
CD40 CCP 8 of a-chain + core region 105
Serum amyloid P CCP 8 of a-chain + core region 164
component (SAP)
Streptococcus pyogenes
* M-protein CCPs 1, 2 of a-chain 161, 165, 166
Bordetella pertussis
* Hemagglutinin Cluster of charged AAs on interface CCP1-2 167
Neisseria gonorrhoeae
* Pili CCPs 1, 2 of a-chain 168
e PorlA CCP 1 of a-chain 169
* Por1B CCP 1 of a-chain 169
Escherichia coli
* OmpA CCP 3 of a-chain 170
Protein S CCPs 1, 2 of B-chain 171-175

AA, amino acid; CCP, complement control protein.

residues, is necessary and sufficient for polymerization. The pairs of cysteines in
the a-chains stabilize the C4BP polymers, but are not necessary for the polymer-
ization process. Polymers of a mutant lacking both cysteine residues were disrupted
by ethylene glycol at high concentrations or by detergent, but not by increased ionic
strength. These observations led to a model for polymerization involving amphi-
pathic a-helices with intermolecular disulfides providing further stability.

Electron micrographs of C4BP are consistent with a “spider-like” structure in
which the highly extended a-chains radiate from the disulfide-linked core.!'® The
angles between the o-chains vary between the individual molecules of C4BP visu-
alized by EM. Each arm has dimensions of approximately 330 A by 30 A, and
similar dimensions were inferred from solution studies of isolated o-chains.!®”
Although some o-chains have one or two bends, they do not appear to be folded
back in the manner of fH. This chain length equates to an average of 41 A per
module, indicating that the mean tilt angle between successive modules is small.
Solution studies'!" suggest a less spread out overall structure than that observed by
EM, with highly extended a-chains but only an average 10° angle between adjacent
chains. Electron microscopy indicates that binding of C4b occurs at the N-terminal
extremities of the ai-chains. While each chain is identical, only four C4b molecules
are able to bind per C4BP molecule, perhaps because of steric crowding. The same
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region toward the N-terminus of the a-chain contributes to a binding site for cell-
surface heparan sulfate.!'> Module deletion/replacement studies identified the three
CCP modules at the N-terminus of the a-chain as being critical for classical pathway
regulatory function, with module 4 needed for cofactor activity against C3b.104113.114
According to one model of action, C4BP association with cell surfaces could take
place via occupation of several heparin-binding sites, leaving the remaining a-chains
available to deal with surface-deposited C4b molecules. This would imply roles for
both the multivalency of C4BP and the putative flexibility of its arms.!'* While most
of the binding functionality of C4BP resides in the a-chains (see Table 2.5), the
B-chain harbors the binding site for protein S.'® The C4BP-protein S complex
probably involves interactions between a hydrophobic surface of the first CCP
module (with the second CCP playing a supporting role) of the p-chain and the
tandem laminin G-like modules that make up the sex hormone-binding, globulin-
like domain within protein S.'3

No high-resolution structural work is available for C4BP to date. Homology
modeling has, however, been used in combination with mutagenesis to probe struc-
ture—function relationships.!'®!'7 A model of the N-terminal pair of CCP modules
suggested that a cluster of positively charged residues lies close to the 1-2 inter-
modular junction, and mutagenesis was consistent, with several of these residues
(R39, R64, R66) being important both for C4b binding and for regulation of the
classical pathway convertase.!'” This triplet of arginine residues also seems to be
important for heparin binding by C4BP.!!? Another set of residues — K126Q/K128Q
and F144S/F149S clustered on the third CCP of the a-chain — were critical for
cofactor activity, but not for binding of C3b/C4b,'!® indicating a role of this module
in formation of the proteolytically productive factor I-C4b (or C3b) C4BP complex.

V. CONCLUDING REMARKS

A wealth of structural detail for the CCP modules that are the structural and func-
tional building blocks of the regulators of complement activation has been developed
over the past decade. It cannot be claimed, however, that we have an atomic reso-
lution understanding of how any member of this protein family carries out its
biological roles. There is clearly a need for more high-resolution studies of protein
fragments, particularly by NMR, which can deliver information on structure and
flexibility under approximately physiological conditions and in solution. Crystal
structures are also needed since they give access to larger fragments or intact proteins.
Mutagenesis of junction residues combined with high-resolution structural work will
shed much-needed light on the relationship between primary structure and inter-
modular orientation. Biophysical studies, such as FRET, are needed to obtain data
on very long fragments that are too large for NMR and too flexible for crystallog-
raphy. There is a particularly pressing need for more studies of the RCA proteins
in complexes with their binding partners. The “holy grail” would be a structure of
an intact RCA with C3b or C4b (and perhaps with factor I). But more realistic targets
such as mapping RCA residues involved in ligand binding using NMR, the use of
biophysical techniques to monitor changes in overall conformation on ligand
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binding, or high-resolution structural work on complexes of RCA fragments with
smaller ligands (fragments of C3b/C4b, or pathogenic proteins) would also be
immensely valuable.

SUPPLEMENTARY MATERIAL ON CD

All figures in color and their corresponding captions are supplied on the companion

CD.
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I. INTRODUCTION

The classical pathway of complement is triggered by the C1 complex, a multimo-
lecular protease that combines the ability to bind to pathogens and to convert a
recognition signal into specific proteolytic reactions. These ultimately generate var-
ious effector mechanisms designed to eliminate the target microorganism and thereby
to limit infection."? Although the initial C1-binding step is traditionally considered
to require prior recognition of a microorganism by IgG or IgM antibodies, many
pathogens, including Gram-negative bacteria and several viruses,’~> are
recognized by C1 itself, underscoring the role of the classical pathway as an
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antibody-independent host defense system. Besides its protective effect against
infection, the classical pathway is also involved in immune tolerance through its
ability to recognize and induce clearance of apoptotic cells,® and is a major causative
agent of graft rejection in xenotransplantation.” Further implications of the classical
pathway arise from the ability of C1 to recognize aberrant structures from self, and
thereby to trigger undesired effector mechanisms involved in various pathologies,
such as Alzheimer’s and prion diseases.®-!! All activators of the classical pathway
are recognized by the Clq subunit of C1, and this process is believed to generate a
conformational signal that triggers activation of the catalytic subunit, the Ca?*-
dependent C1s-Clr-C1r-Cls tetramer. This is a two-step process involving autolytic
activation of proenzyme Clr, then conversion by Clr of proenzyme Cls into the
enzyme responsible for the specific cleavage of C4 and C2, the physiological protein
substrates of C1.!2!3 The C1 function is regulated by C1 inhibitor, a member of the
Serpin (serine protease inhibitor) family that both controls its activation by weak
activators'# and blocks its proteolytic activity by forming stoichiometric complexes
with active Clr and Cls.!>16

Human Clq is a 460-kDa molecule with the overall shape of a bouquet of flowers
(Figure 3.1), assembled from 18 polypeptide chains of three different types (A, B,
C), which are similar in length and have homologous amino acid sequences.'”!8
Each chain has a short N-terminal region involved in the formation of A-B and C-C
interchain disulfide bonds. This region is followed by a repeating Gly-Xaa-Yaa
collagen-like sequence that gives rise to the formation of six heterotrimeric (ABC)
triple helices. These first associate as a “stalk” and then, due to interruptions in the
collagen-like motif, diverge to form six individual “stems.” Each stem terminates in
a C-terminal globular “head” which is a heterotrimer of protein domains known as
“gC1q” modules.!”"

Clr and Cls are modular serine proteases and exhibit similar overall structural
organizations (Figure 3.1). In their proenzyme form, human Clr and Cls are single-
chain proteins containing 688 and 673 amino acids, respectively, and activation
involves cleavage of a single Arg-Ile bond, yielding two-chain active proteases.
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FIGURE 3.1 Modular structure of C1 proteins. The nomenclature and symbols used for
protein modules are those defined by Bork and Bairoch.* The unlabeled segment in Clr and
Cls corresponds to the activation peptide. The arrow indicates the Arg-Ile bond cleaved on
activation. (4) = Asn-linked oligosaccharides.
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Starting from the N-terminal end, both proteins comprise a CUB module,® an
epidermal growth factor (EGF)-like module,?! a second CUB module, two contigu-
ous complement control protein (CCP) modules,?? and a chymotrypsin-like serine
protease (SP) domain.

Electron microscopy and neutron scattering studies have provided evidence that,
whereas the isolated C1s-C1r-C1r-Cls tetramer has an elongated structure,?2* it has
a rather compact conformation when it assembles with C1q.232¢ Further studies based
on limited proteolysis and electron microscopy have revealed that the N-terminal
parts of Clr and Cls mediate the Ca?*-dependent interactions involved in the assem-
bly of C1s-Cl1r-C1r-Cls, the regions responsible for catalytic activity being located
in their C-terminal parts.?’” These and other studies?>?® have led to a model of the
Cl1s-Clr-Clr-Cls tetramer in which the catalytic regions of Clr are located at the
center and those of Cls at each end of the assembly. From the respective location
of these domains, and considering that they each contain both the catalytic site and
the Arg-Ile bond cleaved upon activation, followed the concept that, in C1, the
tetramer folds into a “8”-shaped conformation that allows contact between the
catalytic domains of Clr and Cls, a prerequisite for Cls activation by Clr. This
concept provides the basis for most of the macroscopic C1 models proposed thus
far'12.13,28,29

Structural biology is now being used to generate more detailed information about
the structure of C1 at the atomic level. In this respect, a major difficulty lies in the
fact that C1 is a noncovalent assembly of three proteins, each exhibiting a modular
structure with areas of flexibility. These characteristics make it inappropriate for a
study as a whole by standard structural biology techniques. The strategy used in the
past therefore consists in dissecting the individual C1 components into well-defined,
modular segments in order to solve their three-dimensional (3D) structure and
establish the structural correlates of their function. The purpose of this chapter is to
review the structural data generated by this approach and to show how these provide
insights into the architecture and function of the C1 complex at the atomic level.

Il. BUILDING BLOCKS OF C1
A. gC1q Mobutes

There have been several reports that certain nonimmune activators of C1 bind to the
collagen-like moiety of C1q.3° However, as it has been well documented for immune
complexes and several nonimmune activators of the classical pathway,! it is widely
accepted that most of the ligands that activate C1 are recognized by the globular
domains, or “heads” at the C-terminal end of the six C1q collagen-like arms (Figure
3.1). Each head is a heterotrimeric association of protein modules known collectively
as gClq domains. Modules of this type contain approximately 140 amino acid
residues and are found at the C-terminal end of various other proteins including
types VIII and X collagens, the adipocyte complement-related protein (ACRP)-30,
precerebellin, and multimerin.'81

The globular head domain of C1q was obtained by digestion of the collagenous
fibers of the protein with collagenase, and its crystal structure was solved to a
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resolution of 1.9 A.3! Each of the three (A, B, C) subunits shows a ten-stranded 3
sandwich structure with a jellyroll topology homologous to the one described ini-
tially for tumor necrosis factor’334 and subsequently for ACRP-30, collagen X, and
collagen VIIL.3-37 It consists of two five-stranded f-sheets (A’, A, H, C, F) and (B,
B, G, D, E), each made of antiparallel strands (Figure 3.2). When compared to each
other, the C1q modules show root mean square deviation (rmsd) values of 0.73 to
0.94 A based on their overall structures, and of 0.56 to 0.71 A based on the B-
strands, indicating strong conservation of the latter and significant variability in the
loops, particularly A—A" and G-H on the top side (Figure 3.2). The SH group of the
free cysteines at positions A131, B135, and C132 is buried in the structure and
remains unmodified after treatment of the protein with iodoacetamide prior to crys-
tallization, indicating a lack of reactivity under nondenaturing conditions. The other
two cysteines (Cys150—-Cys168 in module A) form a disulfide bond that connects
strands D and E in each module (Figure 3.2). With the exception of Cys168, which
is missing in the mouse Clq A chain,®® these residues are conserved in the Clq
chains from other species. Consistent with previous studies,>* an oligosaccharide
chain is attached to Asn A124 in the B-B' loop, as shown by the observed electron
density corresponding to the proximal two N-acetyl glucosamine residues.’!

B. CUB MobDULES

Clr and Cls each comprise two CUB modules on either side of an EGF-like module
(Figure 3.1). CUB modules are domains of 100 to 120 residues that were first
reported in Clr and Cls, the embryonic sea urchin protein Uegf, and bone morpho-
genetic protein-1,2%4! and have since been identified in several extracellular proteins.
Many of these proteins, such as the spermadhesins,*? are involved in developmental
processes. Unlike most of the other CUB modules, which contain four cysteine
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FIGURE 3.2 Superimposed ribbon structures of the Clq modules (stereo view). The free
cysteine (SH) and the disulfide bond of the three modules are superimposed. The cysteines
of module C are shown as ball and stick. N and C indicate the N- and C-terminal ends of the
modules. PDB code: 1PK6. (From C Gaboriaud, et al. , J. Biol. Chem., 278(47):46974-46982,
2003. With permission.)
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FIGURE 3.3 Structure of the Cls CUB1 module (stereo view). The Cls CUBI1 structure
(black) is superimposed on that of the spermadhesin aSFP* (grey) for comparison. The Ca**
ion bound to the Cls CUBI module is represented as a sphere. PDB codes: INZI (Cls),
1SFP (aSFP). (From LA Gregory, et al. J. Biol. Chem., 278(34):32157-32164, 2003. With
permission.)

residues that form two disulfide bridges between Cys1-Cys2 and Cys3—Cys4, the
N-terminal CUB1 modules of Clr and C1s only have the Cys3-Cys4 pair. An Asn-
linked oligosaccharide is present in both C1r CUB modules (at Asn108 and Asn204)
and in the Cls CUB2 module (at Asn159). As determined by mass spectrometry,
the carbohydrate chain linked to Asn159 of human Cls is a complex-type biantennary
bisialylated oligosaccharide with the composition NeuAc2 Gal2 GlcNAc4 Man3.4

The x-ray structure of the Cls CUBI module was determined as part of the N-
terminal CUB1-EGF segment of this protein.** When compared with the CUB
domain topology established initially from the crystal structure of two spermadhes-
ins,* the C1s CUB1 module lacks two p-strands at the N-terminal end (Figure 3.3).
Thus, whereas the spermadhesins are organized in two five-stranded [-sheets, the
C1s CUBI1 topology consists of two four-stranded (3-sheets, each made of antiparallel
strands (3, 10, 5, 8, and 4, 9, 6, 7). Other specific features of the C1s CUB1 structure
are the 3/10 helical structure of the loop (H1) connecting strands 35 to $6 and the
conformation of the loops connecting strands 33 to B4, p7 to B8, and 9 to $10,
which exhibit marked differences with their counterparts in the spermadhesin CUB
structures (Figure 3.3). An unexpected feature of the C1s CUBI structure is the Ca?*
ion bound at the distal end of the module (Figure 3.3). The Ca?* ion is coordinated
by six oxygen ligands, namely one side chain oxygen of Glu45, both carboxylate
oxygens of Asp53, the main chain carbonyl oxygen of Asp98, and two water mol-
ecules. The Ca?* ion, its ligands, and the neighboring residues Tyr17, Asn101, and
Phel05, all take part in an intricate network of hydrogen bonds that extensively
stabilize the distal end of the module. Comparative amino acid sequence analysis
reveals that Tyr17 and the Ca?* ligands Glu45, Asp53, and Asp98 are conserved in
about two-thirds of the CUB module repertoire, strongly suggesting that they define
a particular, Ca?*-binding CUB module subset.* This is likely to apply to the CUB1
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modules of the whole C11/C1s/MASP (mannan-binding lectin-associated serine
protease) family and to the CUB2 module of MASP-2, since they all possess the
above consensus sequence. In this respect, the absence of Ca?* in the CUB modules
of the rat MASP-2 CUB1-EGF-CUB?2 structure®’ is surprising, and likely reflects
the fact that, due to its particular exposure to the solvent, the Ca?* ion in this site is
readily exchangeable. Like its counterpart in Cls, the MASP-2 CUB1 module lacks
both the B1 and (2 strands seen in the spermadhesins, whereas the CUB2 module
contains the 2 strand.®

C. EGF-Like MODULES

Clr and Cls each contain a single EGF-like module. This module is extremely
widespread and has been identified in a variety of extracellular and membrane-bound
proteins involved in diverse biological functions.?! EGF modules contain six con-
served cysteine residues separated by segments of varying lengths, that form three
disulfide bonds (Cys1-Cys3, Cys2—Cys4, Cys5—Cys6). The EGF modules of Clr
and Cls contain 53 and 44 amino acids, respectively, and both belong to a particular
Ca?*-binding subset characterized by the consensus sequence pattern Asp/Asn,
Gln/Glu, Asp*/Asn*, Tyr/Phe (where the asterisk indicates a (3-hydroxylated resi-
due). In human Clr, the corresponding residue Asnl150 was shown to be totally
hydroxylated, but only 50% of the equivalent Asn134 in human Cls was found to
be converted to erythro-f-hydroxyasparagine.*’*8 This modification is not essential
for the function, since recombinant Cls expressed in insect cells lacks p-hydroxy-
lation but nevertheless retains its ability to bind Ca?* and to mediate Ca**-dependent
interaction.* 4

The solution structure of the Clr EGF module has been determined by NMR
spectroscopy,® and the x-ray structure of the Cls EGF module was solved by the
x-ray crystallographic analysis of the larger CUB1-EGF segment.** Both EGF
domains exhibit a fold similar to that described for other modules of this type,?!
with one major and one minor antiparallel, double-stranded (-sheets at their C-
terminal ends (Figure 3.4). The corresponding parts of the Clr and C1s EGF modules
show a rmsd value of 0.90 A. An interesting feature of the C1r EGF module is that
the unusually large (14 residues) highly charged loop between Cys129 and Cys144
is disordered in the NMR structure. The corresponding loop of Cls is much shorter
(seven residues) and well defined in the x-ray structure. As expected, a Ca>* ion is
bound to the C1s EGF module, by one water molecule and six ligands contributed
by the EGF module, namely one of the side chain oxygens of Asp116 and Glul19,
the side chain carbonyl of Asnl134, and the main chain carbonyl of Ile117, Phel35,
and Gly138 (Figure 3.4C). The Ca?* ligands form a pentagonal bipyramid similar
to that seen in the EGF1 module of blood clotting factor IX.3! Although NMR
spectroscopy does not allow formal identification of Ca?*-binding ligands in a pro-
tein, this technique has provided indirect evidence of the ability of the Clr EGF
module to bind Ca?*.>2
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FIGURE 3.4 Structures of the EGF modules of Clr and Cls. (A) Superimposed NMR
structures of the C1r EGF module, illustrating the flexibility of the N-terminal end and of the
loop between Cys129 and Cys145. (B) X-ray structure of the Cls EGF module. The two
molecules A (grey) and B (black) seen in the CUB1-EGF homodimeric structure are super-
imposed. The position of the Ca?* ion is indicated. (C) Structure of the Ca**-binding site of
the Cl1s EGF module (stereo view). Loop L4 on the left side belongs to the preceding CUB
module. Ionic and hydrogen bonds are represented by dotted lines. The water molecule W3
is a Ca?* ligand and forms a hydrogen bond with Gly32 from the CUB module. PDB codes:
1APQ (Clr) and INZI (Cl1s). (From LA Gregory, et al. J. Biol. Chem., 278(34):32157-32164,
2003; and B Bersch, et al. Biochemistry, 37:1204-1214, 1998. With permission.)

D. CCP MobuLEs

The two contiguous complement control protein (CCP) modules at the C-terminal
end of the noncatalytic A chain moiety of Clr and Cls contain 60 to 70 amino acids
and belong to a family of protein domains occurring, often in multiple copies, in
various complement receptors and regulatory proteins.?> They exhibit a characteristic
consensus sequence comprising a few conserved aromatic and hydrophobic residues
and four cysteines that form two disulfide bonds (Cys1-Cys3, Cys2—Cys4). The Cls
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C1r CCP4q C1r CCP2 C1s CCP2

FIGURE 3.5 Structures of the CCP modules of Clr and C1s. The Cys1-Cys3 (top) and Cys2-
Cys4 (bottom) disulfide bonds of each module, and the carbohydrate residues observed in
the crystal structure of Cls CCP2 are shown as ball and stick. N and C indicate the N- and
C-terminal ends of the modules. Dots represent residues not defined in the structure. PDB
codes: 1GPZ, 1IMD7, IMDS8 (Clr) and 1ELV (Cls). (From C Gaboriaud, et al. EMBO J.,
19:1755-1765, 2000; and M Budayova-Spano, et al. EMBO J., 21:231-239, 2002. With
permission.)

CCP2 module bears an N-linked oligosaccharide at Asn391. As measured by mass
spectrometry, this oligosaccharide is heterogeneous, with the occurrence of a bian-
tennary form (NeuAc2 Gal2 GlcNAc4 Man3), a triantennary form (NeuAc3 Gal3
GlcNAcS5 Man3) and a fucosylated triantennary form (NeuAc3 Gal3 GIcNAc5 Man3
Fucl), in approximately 1:1:1 relative proportions. This heterogeneity gives rise to
three major types of Cls molecules in serum, with molecular masses of 79,318,
79,971, and 80,131.% The structures of the Cl1s CCP2 module and of both Clr CCP
modules have been determined by the x-ray crystallographic analysis of larger
fragments from the catalytic domains of Clr and C1s.*-5 These modules have a
fold similar to that described for other members of the CCP family,*” with six
B-strands enveloping a compact hydrophobic core (Figure 3.5). The N- and C-
terminal ends lie at opposite ends of the long axis of the ellipsoidal modules, and
the p-strands are roughly aligned along this axis. In agreement with the observed
amino acid sequence homologies, the C1r CCP2 module is structurally closer to its
counterpart in C1s (rmsd = 0.74 A) than to the neighboring C1r CCP1 module (rmsd
=1.06 10\). Thus, unlike C1r CCP1, both the Clr and Cls CCP2 modules exhibit a
large insertion between strands 35 and 6, a very uncommon feature in CCP modules
(Figure 3.5). However, the C1r CCP2 module features two insertions not present in
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Cls CCP2, one in the loop between strands 1 and B2 (the so-called “hypervariable
loop®®) and the other in the loop connecting strands 3 and 4. The glycosylation
site of Cls CCP2 is located in the loop connecting 34 to 5. Two N-acetyl glu-
cosamine residues and a fucose were defined in the x-ray structure.>

E. SEerRINE PROTEASE DOMAINS

The serine protease (SP) domains of Clr and C1s contain 242 and 251 amino acids,
respectively, and both belong to the chymotrypsin-like family. In each protein, the
S1 substrate-binding subsite at the bottom of the specificity pocket is occupied by
an aspartic acid residue (Asp631 in Clr, Asp611 in Cls), indicative of trypsin-like
specificity. Consistent with this feature, Clr activates both itself and Cls through
cleavage of an Arg-Ile bond, and Cls splits its natural substrates C4 and C2 at
Arg—Ala and Arg-Lys bonds, respectively.”® Clr and Cls contain two of the disulfide
bridges conserved in other chymotrypsin-like SPs, the so-called “methionine loop”
and the disulfide bond connecting the primary and secondary substrate-binding sites.
However, like MASP-2 and MASP-3, Clr and Cl1s lack the “histidine loop” disulfide
bridge present in most of the known mammalian SPs.%° In humans, the SP domain
of Cls undergoes no posttranslational modification,*> whereas the Clr SP domain
has two N-linked carbohydrates, at Asn497 and Asn564. As deduced from mass
spectrometry analyses, each position is occupied by heterogeneous complex-type
biantennary oligosaccharides containing either one or two sialic acids and one or
no fucose, with a major species NeuAc2 Gal2 GlcNAc4 Man3 in both cases.*!
The 3D structures of the zymogen and active forms of the Clr SP domain and
of the active Cls SP domain have been solved by x-ray crystallography analysis of
larger fragments also containing one or two of the preceding CCP modules.>* In
both proteases, the core of the SP domain exhibits the typical topology of chymo-
trypsin-like enzymes, with two antiparallel six-stranded f3-barrels connected by three
trans-segments, and a C-terminal o-helix (Figure 3.6). The catalytic triad residues
equivalent to His57, Asp102, and Ser195 of chymotrypsinogen (His485, Asp540,
Ser637 in Clr; His460, Asp514, Ser617 in Cls) are positioned at the junction
between the two [-barrels, in a geometry virtually identical to that observed in
trypsin. The active sites of both enzymes also exhibit the other key structural features
that characterize the active conformation of chymotrypsin-like SPs (see review by
Perona and Craik®?). The fine substrate specificity of Clr and Cls is determined by
their surface loops 1 to 3 and A to E.®? In Clr, there are two major insertions in
loops 3 and B, on either side of the catalytic site entrance (Figure 3.6). Loop B
contains the only disordered segment of the active C1r SP structure, and may undergo
structural changes upon substrate and/or inhibitor binding, as observed in thrombin.5
A unique structural feature of Clr is that loop E has an o-helical structure. This
loop is involved in Ca?* binding in other SPs such as trypsin, and is not observed
in such a conformation in any of the SPs of known structure. Cls also exhibits two
major insertions in loops 3 and C on the same side of the active site cleft, and
deletions in loops 1, 2, and A on the opposite side. Loops 3 and E at both ends of
the Cls substrate-binding region, as well as the five-residue segment prolonging the
canonical C-terminal a-helix, all have disordered conformations (Figure 3.6).
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C1r Cis

FIGURE 3.6 Structure of the active serine protease domains of Clr and Cls. Loops are
labeled according to Perona and Craik.%?> Active site (a.s.) residues are shown as ball and
stick. Dots represent residues not defined in the structures. (*) N-terminal Ile residue resulting
from cleavage of the Arg-Ile bond upon activation. (**) C-terminal residue of the activation
peptide. Cter., C-terminal residue of the SP domain. PDB codes: 1IMD8 (Clr) and 1ELV
(C1s). (From C Gaboriaud, et al. EMBO J., 19:1755-1765, 2000; M Budayova-Spano, et al.
Structure, 10:1509-1519, 2002. With permission.)

I1l. THE VERSATILE RECOGNITION FUNCTION
OF C1q

The structure of the C-terminal globular domain of Clq responsible for its recog-
nition function has been solved by x-ray crystallography.’! The structure reveals a
tight heterotrimeric assembly with a pseudo threefold symmetry, the subunits being
arranged clockwise in the order A, B, C when viewed from the top (Figure 3.7).
The assembly exhibits a globular, almost spherical, structure with a diameter of
about 50 A. As observed in the case of the ACRP-30 and collagen X homotrimers, 33
the N- and C-terminal extremities of each subunit emerge at the base of the trimer
(Figure 3.7A). The three modules are tightly interacting with each other, with a total
buried surface of 5490 A? equally contributed by each of them, and corresponding
for the most part to nonpolar interactions. The central interface involves a series of
interactions distributed along the threefold axis of the trimer and defining a discon-
tinuous channel. Going from the top to the base, these include a hydrogen bond
network, a Ca?*-binding site, a network of main-chain polar interactions, a second
hydrogen bond network, and hydrophobic interactions. A number of lateral contacts
also take place between the three modules. Again, these are hydrophobic near the
base and become more polar toward the top, with several hydrogen bonds and two
intermodular salt bridges. Altogether, the subunits assemble in similar ways in Clq,
ACRP-30, and collagen X, despite the fact that interactions are achieved by three
identical modules in the latter two cases, but by three different modules in Clq. In
this respect, tentative assembly in silico of C1q homotrimers results in all cases in
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FIGURE 3.7 Structure and interaction properties of the C1q globular domain. (A) Side view
of the assembly (ribbon representation). The Ca?* ion is represented as a sphere. N and C
indicate the N- and C-terminal ends of the modules. (B) Side view seen from the B module
(space-filling representation). (C) Top view (space-filling representation). The lines indicate
the approximate module boundaries. (D) Model of the C1q-CRP interaction. CRP protomers
B and C have been omitted for clarity. CRP mutations impairing complement activation (E88,
D112, Y175) or enhancing complement activation (K114) are indicated. PC designates the
phosphocholine ligand. (E,F) Space-filling representation of the proposed C1q-IgG b12 inter-
action. The IgG Fc domain and Fab arms are indicated. The C1q B module is in grey. Some
of the residues crucial for the interaction are indicated. PDB codes: 1PK6 (Clq), 1B&9 (CRP)
and 1HZH (IgG b12). (From C Gaboriaud, et al., J. Biol. Chem., 278(47):46974-46982, 2003.
With permission.)
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severe steric hindrances, providing a structural basis for the known property of the
Clq subunits to specifically associate as heterotrimers.’! Interestingly, comparison
of the Clq structure with its homotrimeric homologues indicates that the highest
degree of conservation among interface residues is seen at the level of the hydro-
phobic interfaces near the base of the trimers, suggesting a critical role of this
particular region in the alignment of the three chains in the globular and collagen
regions on either side.

The Ca* ion at the top of the assembly is coordinated by six ligands contributed
by one of the side-chain oxygens of AspB172, the side-chain carbonyls of GInA177
and GInB179, the main-chain carbonyl of TyrB173, and two water molecules. The Ca?*-
binding site is therefore asymmetrical relative to the trimer, since Ca** bridges module
A to module B, but is not connected to module C. In contrast with the Ca?* cluster
observed in collagen X, which is buried,® the single Ca?* ion of Clq is well exposed
to the solvent, which raises the possibility that some of the charged targets recognized
by Clq may interact with the Ca* ion by displacing one or both water molecules.

The three C1q modules exhibit marked differences in their electrostatic surface
potentials. Thus, the pseudo threefold symmetry seen at the framework level disap-
pears when the charge distribution at the surface is considered (Figure 3.7C).
Whereas modules A and C both show a combination of basic and acidic residues
scattered on their external faces, module B (Figure 3.7B) shows a net predominance
of positive charges, with in particular a continuous patch of three arginine residues,
at positions B101, B114, and B129. Several hydrophobic residues are exposed on
the external face of each subunit, but only module C displays solvent-accessible
aromatic residues (TyrC155, TrpC190) on its equatorial side. The top of the structure
shows a striking predominance of positive charges interspersed with a few acidic
residues (Figure 3.7C). Several hydrophobic patches as well as aromatic residues
are also accessible to the solvent.

The heterotrimeric structure of the Clq globular domain is obviously a key
element of the versatile recognition properties of this protein. Thus, as the subunits
each exhibit particular surface patterns, they may be expected to mediate specific
individual interaction properties. In addition, the compact assembly of the C1q head
clearly allows ligand recognition through residues contributed by two or even three
different subunits, thus extensively broadening the recognition spectrum of C1q. The
proposed models of interaction with C-reactive protein (CRP) and human IgG13!
illustrate two of the possible recognition modes of Clq.

CRP is a major acute-phase plasma protein in humans that binds to phospho-
choline groups of membrane phospholipids and is, in turn, recognized by C1q.% Its
crystal structure has been solved,®% and the C1q-binding site was shown to lie close
to the central pore of its pentameric structure, on the face opposite to that attached
to the phosphocholine-bearing surface.®” In the proposed interaction model,?' the
top of the Clq head structure that is predominantly basic, is accommodated by the
negatively charged central pore of CRP (Figure 3.7D). There is a striking shape
complementarity between the two proteins, and direct interaction takes place
between CRP residues Aspl12 and Tyrl75, identified as the major Clq contact
residues,®” and appropriate residues from C1q subunits A and B. Although the access
of the C1q head into the pore of CRP is under severe steric constraints in the model,
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it may be expected to be accommodated more easily in a physiological context due
to slight conformational changes in the CRP structure.

The model proposed for interaction with IgG b12, a human IgG1 molecule of
known x-ray structure,’®% is an example of a recognition mediated by the equatorial
region of a single subunit of the Clq globular head.*! The model was obtained by
positioning the IgG b12 and Clq head molecules in such a way that Asp270 and
Lys322 of the former would form salt bridges with ArgB129 and GluB162 of the
latter, respectively (Figure 3.7E, and F). In this configuration, there is remarkable
shape complementarity between Clq and IgG, with ArgB129 acting like a wedge
in between the CH2 and CL domains of IgG. The model is fully consistent with the
physicochemical characteristics of the C1q—IgG interaction,” the location by muta-
genesis experiments of the Clg-binding epicenter in human IgG1 around residues
Asp270, Lys322, Pro329, and Pro331,7'-7* and the fact that interaction involves two
arginine residues of the C1q head (ArgB114, ArgB129) proposed to mediate I1gG
recognition.”* The model raises the interesting possibility that C1q binds not only
to the Fc region but also to the Fab arm of IgG through interaction with the CL
domain (Figure 3.7F). Although the latter binding interaction possibly does not apply
to all IgG subtypes, the Fab/Fc orientation, and therefore the flexibility at the hinge
region, is in this model a critical factor of the recognition, as it will condition access
of the Clq globular head to the major target site in the CH2 domain. This is well
illustrated by the structure of Mcg,”” a human IgG1 molecule with a deleted hinge
that lacks C1qg-binding ability because its Fab arm obstructs the C1g-binding site.?!
A further interesting feature of the model is that it places the Clq globular head in
the vicinity of the antigenic sites, raising the possibility of direct additional contacts
between Clq and the antigen itself.?!

IV. ARCHITECTURE OF C1 COMPLEX
A. AssemBLy oF C1s-C1r-C1r-C1s TETRAMER

It was shown early on that the structural determinants responsible for the Ca?*-
dependent C1r—Cls interactions involved in the assembly of the C1s-C1r-C1r-Cls
tetramer are located in the N-terminal regions of each protein.?” Further dissection
of these regions into modular fragments led to the identification of the domains
responsible for these interactions. Limited proteolysis with trypsin and plasmin was
used initially to generate fragments termed Clra and Clsa, encompassing the N-
terminal CUB1-EGF module pair plus a short segment from the following CUB2
module.”®7® Analysis by differential scanning calorimetry revealed that Clra dis-
plays an unusually low thermal transition, with a midpoint of 26 to 40°C that is
shifted upwards by more than 20°C upon addition of Ca?* ions.”® Similarly, the
recombinant CUB1-EGF segment of Cls exhibits a transition at 44 to 52°C, with a
shift to 61°C in the presence of Ca** ions (N.M. Thielens, J. Kardos, unpublished
data). Further characterization of the Clra and Clsoa fragments showed that they
both bind Ca?* ions with high affinity (K = 32 to 38 uM) and retain the interaction
properties of intact Clr and Cls, as shown by their ability to form Ca**-dependent
Clra-Clsa heterodimers.”” In keeping with the known ability of Cls to dimerize



76 Structural Biology of the Complement System

in the absence of C1r,”-7 Clsa has the additional property to form Ca?*-dependent
homodimers. Fragmentation of the Clra segment revealed that its ability to bind
Ca?* and to interact with Cls in the presence of Ca?* ions requires both its CUB1
and EGF modules. As mentioned earlier, the C1r EGF module obtained by chemical
synthesis did bind Ca?*,>2 but with a K, of only 10 mM, that is, an affinity about
300-fold lower than that of the larger Clra fragment. Detailed analysis of the
interaction properties of the CUBI1, EGF, and CUBI1-EGF segments of Clr was
achieved by surface plasmon resonance spectroscopy.® Neither the isolated CUB1
and EGF modules, nor a mixture of these modules had the ability to bind to
immobilized Cls in the presence of Ca?* ions. The CUB1-EGF pair, in contrast,
bound Cls under these conditions, with K|, values ranging from 1.5 to 1.8 uM to
15 to 20 nM, depending on the configuration used to monitor the interaction. Gel
filtration analysis and measurement of intrinsic fluorescence of tyrosine residues
provided evidence that the CUB1-EGF module pair acquires a more compact con-
formation in the presence of Ca?".%0 Taken together, the above data led to the
hypothesis that Ca?* binds primarily to ligands in the EGF module, but induces
formation of a compact CUB1-EGF assembly that is expected to stabilize the Ca?*-
binding site and to provide the appropriate ligands for interaction with the corre-
sponding CUB1-EGF segment of Cls within the C1s-Clr-C1r-Cls tetramer. In
support of this hypothesis, the homologous CUB1-EGF segment of Cls has been
shown to retain the ability to bind Clr in the presence of Ca?*.”

The structure of the CUB1-EGF domain of Cls was solved by x-ray crystallog-
raphy.* As expected from previous data,”7° the domain associates as a Ca?*-
dependent homodimer (Figure 3.8A and B). The two monomers associate in a head-
to-tail configuration involving major contacts between the CUB1 module of one
molecule and the EGF module of its counterpart. The resulting assembly displays
a noncrystallographic, pseudo twofold symmetry and has a length of about 85 A
and a width of 20 to 40 A (Figure 3.8A,B). Remarkably, the water molecule involved
in the coordination of Ca?* by the EGF module (see Section II.C) is also a key
element of a network of hydrogen bonds connecting together the CUB1 and EGF
modules in each monomer, thereby stabilizing the intramonomer CUB1-EGF inter-
face. As for the intermonomer interface, it is stabilized through a combination of
hydrophobic interactions and hydrogen bonds evenly distributed on the surface and
involving residues contributed by both the CUB1 and EGF modules. There are
several links between these interactions and the Ca?* ion bound to each EGF module,
which thus stabilizes both the intra- and intermonomer CUB1-EGF interfaces. This
provides a structural basis for the Ca?* dependence of the C1s—Cls interaction, and
for the observation that Ca* ions increase the thermal stability of the Cls CUBI1-
EGF domain (see above). As mentioned earlier, the second Ca?* ion bound to the
distal end of each CUB1 module (Figures 3.3 and 3.8A) is very likely to also provide
significant stabilization. Remarkably, the residues engaged in hydrophobic interac-
tions and hydrogen bonds at the intermonomer interface of the Cls CUBI1-EGF
homodimer are highly conserved in the whole C1r/C1s/MASP family. In agreement
with the x-ray structure of the rat MASP-2 CUB1-EGF-CUB2 segment,* it appears
therefore very likely that these proteins all share the ability to associate as head-to-
tail dimers with a configuration similar to that observed in the case of Cls.
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FIGURE 3.8 (A,B) Homodimeric structure of the CUBI1-EGF interaction domain of Cls.
Ca” ions are represented by spheres. Dots represent disordered segments. C, indicates a C-
terminal end. (C,D) 3D model of the C1q/C1r/Cls interface in C1. (E) Schematic model of
Clq highlighting the location of the C1q/C11/Cls interfaces. PDB code: INZI. (From LA
Gregory, et al., J. Biol. Chem., 278(34):32157-32164, 2003. With permission.)

B. C1 ASSEMBLY

The N-terminal regions of Clr and Cls not only mediate assembly of the C1s-Clr-
Cl1r-Cls tetramer, but very likely also provide the interaction site(s) with Clq, thus
representing keystones of the C1 architecture. That Clr participates to some extent
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in this interaction is supported by ultracentrifugation analyses,®' and indirectly by
the observation that Clq significantly increases the activation rate of Clr in the
presence of Ca?* ions.®? Other studies have shown that treatment of Cls-Clr-Clr-
Cls with a water-soluble carbodiimide prevents C1 assembly solely due to modifi-
cation of acidic amino acids located in C1r.8? The involvement of Cls, on the other
hand, is clearly supported by several studies demonstrating that its N-terminal o
fragment’3? or its CUB1-EGF module pair” is required to achieve formation of a
stable complex between Clr and C1q. Based on the above data, the most plausible
hypothesis is that the CUB1-EGF moieties of Clr and Cls each contribute ligands
that interact with Clq, and act in synergy to achieve formation of a stable Cl
complex.

Less information is available concerning the sites of C1q responsible for inter-
action with the Cls-Clr-Clr-Cls tetramer. However, it has been established by
ultracentrifugation analysis that these sites are located in the collagenous part of the
protein.? In addition, as judged from electron microscopy images of the chemically
cross-linked C1 complex,? the individual collagen-like stems of Clg, but not the
central bundle, are involved in the interaction. In agreement with the ionic character
of the interaction,® further studies based on chemical modification have provided
evidence for the involvement of lysine residues of the collagen part of C1q.%

The x-ray structure of the C1s CUB1-EGF homodimer* and the NMR structure
of the C1r EGF module*® were used to construct a 3D model of the C1r-C1s CUB1-
EGF heterodimer.** Remarkably, both the intra- and intermonomer CUB1-EGF
interfaces seen in the Cls structure are maintained in the C1r-Cls heterodimer, with
only subtle modifications and no steric hindrance. A model of the Clq/C1r/Cls
interface** was then built based on the following grounds:

1. As also observed in the Cls homodimer,* one side of the C1r-Cls het-
erodimer forms a groove in the region where the four modules meet
(Figure 3.8C), a topology that is particularly appropriate for interaction
with the rod-like structure of a collagen triple helix.

2. There are only three unmodified lysine residues in the C1q collagen-like
stem,% and these are better candidates for ionic protein—protein interac-
tions, since most of the other lysines carry a disaccharide chain that is
likely to bring about steric hindrance.

A 3D model of the heterotrimeric collagen-like triple helix corresponding to the
Clq stem was built based on the structure of the following Clq globular domain’!
and on statistical information derived from known collagen-like structures.®’ In the
resulting model of the C1q/C11/Cls interface (Figure 3.8C, D), the triple helix of
Clq is positioned in such a way as to allow its lysine residues at positions A59,
B61, and B65 to form individual ionic bonds with acidic residues of Clr. One of
these residues is contributed by the large insertion loop between Cys129 and Cys144
(see Figure 3.4A), which is highly charged and mobile, and appears therefore as a
good candidate for interaction. In this configuration, several hydrophobic residues
of Clq are positioned in the vicinity of hydrophobic clusters at the C1r/Cls interface,
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consistent with a contribution of hydrophobic contacts in the interaction between
Clq and Cl1s-Clr-Clr-Cls, as predicted by thermodynamic analyses.®

The proposed model of the C1q/C1r/Cls interface is consistent with our current
knowledge of the architecture and function of the C1 complex.!3>* In particular, the
model places the site of interaction with Clr and Cls approximately halfway along
the collagen-like stems of C1q (Figure 3.8E), a location that permits accommodation
of the catalytic domains of Clr and Cls inside the cone defined by the Clq arms
(see Figure 3.11).

V. C1 ACTIVATION MECHANISM

The catalytic activities of Clr, that is, autolytic activation of the zymogen and
subsequent cleavage of Cls by the active enzyme, are mediated by its C-terminal
region, which comprises the SP domain (also termed the B chain) and the preceding
CCP1 and CCP2 modules, which together form the y segment.?”-?® This region
associates as a noncovalent homodimer that forms the core of the C1s-C1r-C1r-Cls
tetramer. The corresponding fragment (y-B) 2 can be generated by autolytic cleavage
of active Clr and by limited proteolysis with various enzymes, and retains the ability
to activate proenzyme Cls.% Likewise, the zymogen form of Clr (y-B)2 can be
produced by limited proteolysis with thermolysin, and again essentially retains the
autoactivation properties of native proenzyme C1r.%°

The structure of the active Clr (y-B)2 domain was initially investigated by
chemical cross-linking and homology modeling, suggesting a strong interaction
between the CCP2 module and the SP domain of each monomer and yielding
evidence for an intermonomer cross-link between the SP domain and the N-
terminal end of the y segment.! From these data was elaborated a 3D model of
the active (y-B)2 homodimer, featuring a head-to-tail interaction of the monomers,
with their active sites facing opposite directions toward the outside of the dimer.
Further insights into the role of the individual domains of the Clr catalytic domain
came from the production of modular segments of varying sizes, using both
bacterial and insect cell expression systems.’'*2 Unlike the CCP1-CCP2-SP seg-
ment, which associated as homodimers, the shorter CCP2-SP fragment was shown
to be monomeric, underscoring the critical role of CCP1 in the assembly of the
dimer. On the other hand, it was shown that CCP2-SP cleaves proenzyme Cls
more efficiently than does CCP1-CCP2-SP, indicating that CCP1 is not involved
in Cls recognition. In addition to the wild-type species, two point mutants, at the
Arg-lIle activation site (Arg446Gln) and at the active site serine residue
(Ser637Ala), were produced and characterized. The wild-type fragments, whatever
their size, were all recovered as two-chain active proteases, indicating that acti-
vation had occurred in each case during biosynthesis or after secretion. In contrast,
the Arg446Gln and Ser637Ala mutants all retained a zymogen structure and did
not undergo activation upon subsequent incubation, providing the first unambig-
uous experimental evidence that Clr activation, a controversial issue for many
decades,' is indeed a self-activation process. The observation that the monomeric
CCP2-SP and SP molecules undergo activation in their wild-type form was
more unexpected, as this implies that formation of a stable homodimer is not a
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prerequisite for self-activation.”'”> The above data can be readily interpreted in
light of the 3D structure of the human Clr catalytic domain, which was solved
by x-ray crystallography analysis of the CCP1-CCP2-SP fragment stabilized in
the zymogen form by means of the Arg446Gln mutation.>* The protein shows a
homodimeric structure, the molecules interacting in a head-to-tail manner through
contacts between the CCP1 module of one monomer and the SP domain of its
counterpart (Figure 3.9A). The overall structure is rather elongated, with a length
of 116 A and a width of 56 A and, unexpectedly, features a large opening in the
center of the dimer. Both CCP1-SP interfaces show extensive shape complemen-
tarity, and share a major interaction framework consisting of hydrogen bonds and
van der Waals contacts. Loop E of the SP domain, which in Clr shows a unique
a-helical conformation (see Figure 3.6), is a key element of these interactions.
The most prominent and intriguing feature of this head-to-tail structure is that the
catalytic site of one monomer, and the cleavage site of its counterpart lie at opposite
ends of the dimer, some 92 A away from each other (Figure 3.9A). This config-
uration cannot explain Clr self-activation, since this involves cleavage of the
susceptible Arg446-Ile447 bond in each monomer by the catalytic Ser637 residue
of the other.! It may be postulated from these observations that Clr activation
within the C1 complex involves transient conformational states that allow cleavage
of the SP domain of molecule B by that of molecule A, and conversely, a process
that requires dissociation of the head-to-tail structure (Figure 3.9B, C), and there-
fore, disruption of the CCP1-SP interfaces. We have proposed that this is achieved
by a mechanical stress that is transmitted from the C1q stems to the Clr catalytic
domain when C1 binds to an activator.3* This model is supported by the occurrence
of a semiflexible hinge in between the central stalk and the individual stems of
C1q,”** and by the fact that both Clr catalytic domains are connected to a CUB1-
EGF interaction domain, which itself is bound to a collagen-like stem.** Thus,
multivalent binding of Clq through its globular heads to a pattern of sites at the
surface of a target may be expected to increase the angle between the C1q stems
and the central part of the protein, and to generate a tension in the Clr catalytic
domains, thereby disrupting the CCP1-SP interfaces. The presence of a large
central opening in the head-to-tail dimeric structure, and the expected flexibility
at the interface between the CCP1 and CCP2 modules of C1r°78 are probably key
elements of the activation mechanism, since they are expected to facilitate the
approaching of the SP domains.

Further insights into the Clr activation mechanism were provided by resolution
of the zymogen and active structures of a shorter CCP2-SP fragment of C1r.>° Thus,
the structure of the zymogen Ser637Ala mutant confirms previous observations>
that compared to most other zymogens, the SP domain of Clr exhibits a high degree
of flexibility, with several loops displaying weak or no electron density, notably on
either side of the Arg446-Ile447 cleavage site. Comparison of the zymogen and
active structures of the CCP2-SP fragment allows precise analysis of the multiple
conformational changes that take place in the SP domain upon activation, indicating
that these changes are concerted and often important, with amplitudes as high as 8
A, similar to those observed in other SPs.55 Analysis of the Clr substrate-binding
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FIGURE 3.9 Structure of the Clr catalytic domain and its implications in the C1 activation
mechanism. (A) Homodimeric structure of the zymogen CCP1-CCP2-SP fragment. The
residues at the catalytic sites (a.s.) and at the cleavage sites are shown, as are Asn497 and
Asn564, which bear oligosaccharide chains. N,, Ny and C,, Cy, indicate the N- and C-terminal
ends of molecules A and B. (B) Resting head-to-tail configuration of the Clr catalytic domain.
Arrows illustrate the triggering stress required to achieve the transient conformational state
needed for activation of an SP domain by its counterpart (C). PDB code: 1GPZ. (From M
Budayova-Spano, et al. EMBO J., 21:231-239, 2002. With permission.)

subsites indicates restrained access to most of them, with the exception of S1 and
S1°. As Clr catalytic activity is confined to the interior of the C1 complex and
normally not exposed to serum protein substrates, it may be hypothesized that these
structural constraints are important determinants in the selectivity of Clr for C1
inhibitor, its unique protein inhibitor in serum. Comparison of the CCP2-SP assem-
bly in the three available Clr x-ray structures®*>* reveals that the interface between
the CCP2 module and the SP domain exhibits some flexibility, due to a restricted
hinge at the level of the intermediate residue Val433. This feature may be relevant
to the Clr activation mechanism in C1, as it may help achieve fine positioning of
one Clr molecule with respect to its partner in the confined space of the Cl
macromolecule. Further information possibly relevant to Clr self-activation may be
drawn from the crystal contacts observed in the zymogen and active CCP2-SP
structures.” Thus, in the proenzyme Ser637Ala mutant, the SP domains interact
with each other in a nearly symmetrical conformation that may represent an inter-
mediate state of the activation process, whereas the wild-type, active molecules are
packed in such a way that they form an enzyme-product-like complex.
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VI. PROTEOLYTIC ACTIVITY OF C1

The enzymatic activity of Cls, that is, its ability to cleave the C4 and C2 protein
substrates of C1 and to react with C1 inhibitor, is mediated by its C-terminal CCP1-
CCP2-SP domain, homologous to that of Clr (see above). The corresponding seg-
ment, which forms the outer portion of the Cls-Clr-Clr-Cls tetramer, can be
produced by limited proteolysis with plasmin and retains Cls ability to cleave C4
and C2.7728 Expression in insect cells of modular segments lacking either the first
CCP module (CCP2-SP) or both CCP modules (SP) has allowed insights into the
role of individual domains of this region.’> Both segments can be readily activated
by Clr and are in turn able to mediate specific cleavage of C2 with similar efficien-
cies, indicating that activation by Clr and proteolytic activity on C2 only require
structural determinants contained in the Cls SP domain. In contrast, whereas the
CCP1-CCP2-SP segment cleaves C4 as efficiently as does intact Cls, the C4-
cleaving activity of CCP2-SP is dramatically reduced, and that of SP is abolished.
Thus, in agreement with studies based on the use of monoclonal antibodies,”
efficient cleavage of C4 by Cls clearly requires accessory substrate-binding sites
located outside the SP domain, and likely contributed mainly by the CCP1 module.
Insights into the structural organization of the Cls CCP1-CCP2-SP region were
initially obtained by differential scanning calorimetry,” yielding evidence for three
independently folded domains: the SP domain, with a melting temperature of 49°C,
and the CCP1 and CCP2 modules, which each unfold reversibly at about 60°C.
Further information was obtained from combined chemical cross-linking and homol-
ogy modeling studies, which indicated that the CCP2 module closely interacts with
the SP domain on a side opposite to both the active site and the Arg422-Ile423 bond
cleaved upon activation.”® Analysis by multiple sequence alignment revealed that
the proteins of the “CCP-SP” family, including Clr, Cls, the MASPs and limulus
factor C all contain highly conserved sequence motifs at or near their CCP module/SP
domain interfaces, suggesting that these represent signatures of a module/domain
assembly common to all members of the family and conserved through evolution.”®

The 3D structure of the CCP2-SP segment of human Cls was solved by x-ray
crystallography.” The overall shape of the structure is that of a bludgeon, the
ellipsoidal CCP2 module being tightly anchored on the more globular SP domain,
on the side opposite to the active site (Figure 3.10). The CCP2 module is held
perpendicularly to the SP domain by means of a rigid interface arising from non-
covalent interactions including multiple van der Waals contacts, hydrogen bonds,
and one salt bridge. These interactions involve residues from three proline- and
tyrosine-rich segments contributed by the CCP2 module, the SP domain, and the
15-residue activation peptide that connects them. Whether this interaction is fully
rigid, or slightly flexible as observed in Clr,’ remains to be established through the
resolution of further Cls CCP2-SP interfaces in other fragments or in different
crystal forms. Nevertheless, comparison of the Clr and Cls interfaces reveals that
the latter is significantly stronger and therefore possibly fully rigid.

By comparison with the x-ray structure of SP-inhibitor complexes,'® it was
possible to locate the S4-S1 and S1°-S2’ substrate-binding subsites of C1s.%* This
analysis reveals that the access to most of these sites is severely restricted, a feature
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FIGURE 3.10 Specific surface features around the catalytic site and the substrate-binding
subsites of Cls. The side chains of the residues restricting access of the substrate and active
site Ser637 are shown. PDB code: 1ELV. (From C Gaboriaud, et al. EMBO J., 19:1755-1765,
2000. With permission.)

that is also observed, although to a lesser extent, in Clr (see above) and in some of
the highly specific blood coagulation proteases.!?! These steric constraints are likely
to be a major factor of the highly restricted specificity of Cls, which in plasma
cleaves only two protein substrates and is sensitive to a single protease inhibitor,
Cl1 inhibitor.!%? For example, the presence of a cluster of bulky hydrophobic residues
(Phe511, Tyr595, Trp640) in the vicinity of the S2-S4 subsites (Figure 3.10) may
explain the Cls specificity for hydrophobic P3 residues (Leu, Val) and small P4
residues (Gly, Ser), as found in C2, C4, and C1 inhibitors.>® On the other hand, the
CCP1 and CCP2 modules likely provide additional substrate recognition sites, such
as those required for efficient C4 cleavage.® Thus, the fine-tuning of Cls proteolytic
specificity likely results from a combination of restrictive steric constraints in the
SP domain and accessory recognition sites in the CCP modules.

It is very likely that the C1s CCP modules have further important implications
relevant to the proteolytic function of Cls in the context of the macromolecular C1
complex. According to our current knowledge of the structure and function of
C1,!21328 the SP domain of Cls is assumed to be initially positioned inside C1, a
location that is required for activation by the corresponding domain of Clr. The S’-
binding subsites are expected to be buried in this internal configuration,> suggesting
that, once activation has occurred, the C1s SP domain then moves toward the outside
of the C1 complex in order to gain access to C4 and C2. This has led us to the
proposal that this shift (see Figure 3.11) is achieved by the conjunction of two
structural features: (a) the occurrence of a flexible hinge at the CCP1/CCP2 interface,
as demonstrated in other CCP module pairs;>7~%19 and (b) the fact that due to its
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FIGURE 3.11 A refined 3D model of the C1 complex. (A) Stereographic representation of
the model (bottom view). (B) Bottom view of the C1s-C1r-C1r-Cls tetramer alone, highlight-
ing the location of individual domains. (C) Side view of the model. Space-filling representa-
tions are used for domains with known 3D structure, and ribbon homology models are used
for other domains. One of the serine protease domains of Cls is arbitrarily represented in a
proenzyme-like (inside) conformation, the other being shown as an active-like (outside)
conformation.

particular orientation, the CCP2 module provides both a spacer and a handle to the
SP domain, and is therefore expected to amplify any movement of this domain.
Although the above model remains to be proven experimentally, it appears likely
that due to their particular dynamic and interaction properties, CCP modules not
only play a major role in the specificity of Cls, but also endow this protease with
mechanical properties that are essential to its function within the C1 complex. In
addition to the putative hinge at the CCP1-CCP2 interface, it is likely that other
intermodular junctions in the upstream part of Cls also exhibit flexibility and thus
contribute to various extents to the dynamics of the molecule.
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VII. A REFINED THREE-DIMENSIONAL MODEL
OF THE C1 COMPLEX

The dissection strategy used over the past few years has led to the resolution of
significant portions (59% to 73%) of the 3D structures of C1q, Clr, and Cls, resulting
in the determination of about two-thirds of the overall structure of the C1 complex.
The data generated by this approach are consistent with, and can be integrated in,
the macroscopic model originally proposed for C1 on the basis of low-resolution
structural studies and functional data.'® From a structural standpoint, this refined C1
model (Figure 3.11) contains detailed information at atomic resolution on most of
the domains that are essential to the structure and function of Cl1, that is, those that
mediate internal protein—protein interactions, ligand recognition, intrinsic activation,
and proteolytic activity. Nevertheless, several pieces of the C1 jigsaw puzzle are still
missing. For example, although a sound 3D model of the individual Clq collagen-
like stems can now be derived from the crystallographic structure of the downstream
globular domains, no experimental structural data on the collagen-like portion of
Clq is available yet. In the same way, we lack direct structural data on the interme-
diate CUB2-CCP1 segment of Cls, as well as on the whole CUB1-EGF-CUB2
interaction domain of Clr.

The crystallographic structures determined so far also yield major insights into
the C1 function at the atomic level, providing for the first time a comprehensive
scheme of the mechanisms involved in C1 activation. It is clear, however, that these
structures only represent instant pictures of a complex that in vivo is likely to exhibit
multiple transient conformational states, each associated with a particular step of its
operation. A detailed understanding of these complex processes will obviously
require investigation of the dynamic properties of C1, and therefore precise charac-
terization of the various hinges or areas of flexibility that characterize each of its
individual components. The systematic use of site-directed mutagenesis will also be
necessary to further elucidate the molecular mechanisms that underlie the C1 func-
tion. Finally, full integration of the structural and functional data will undoubtedly
necessitate resolution of the crystallographic structure of entities of larger size and
of protein—protein complexes, as well as the use of lower-resolution structural
techniques such as electron microscopy.

SUPPLEMENTARY MATERIAL ON CD

All figures, including Figures 3.2 through 3.5 and 3.7 through 3.11 in color, and
their corresponding captions are supplied on the companion CD.
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I. INTRODUCTION

Factors B and D are serine proteases participating in the activation of the alternative
pathway. Factor D is the only single-domain serine protease of the complement
system and the only activator of factor B in blood. Factor B is a modular protein
consisting of three domains including a carboxyl terminal serine protease domain,
which provides the catalytic subunit of the alternative pathway C3/C5 convertase.!
Factor D and the serine protease domain of factor B display the typical chymotrypsin
fold and both, like all complement enzymes, express trypsin-like substrate specificity,
catalyzing the hydrolysis of Arg bonds.? Both enzymes as well as C2, which is
structurally and functionally similar to factor B, belong to a recently recognized
subgroup of “inducible” serine proteases, which includes a diverse collection of
enzymes. In addition to the complement enzymes, the subgroup encompasses the
coagulation enzymes factor VIa® and factor IXa,* granzyme K (GzmK) of the
granules of natural killer and cytotoxic T cells,’ al-tryptase of the dense granules
of mast cells and basophils,® and the bacterial protease DegP.” In their native state,
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all these enzymes express low activity against synthetic ester and amide substrates
and low reactivity with mechanism-based serine protease inhibitors, even though in
most cases their primary structure corresponds to that of active trypsin. X-ray
crystallographic studies have revealed the structural basis for this poor reactivity,
which in all cases involves an obstructed or misaligned active center that precludes
productive substrate binding and catalysis. However, inherent plasticity of the active
center allows realignment of its structural elements and expression of efficient
proteolytic activity against macromolecular substrates. This is achieved through
different mechanisms including binding of cofactors or substrate. Advantages of this
general mechanism include highly restricted substrate specificity, regulation of pro-
teolytic activity and dispensability of high-affinity inhibitors.

Il. FACTOR D

Factor D is a 24.4-kDa, single polypeptide chain serine protease endowed with
unique structural and functional properties (reviewed in Volanakis and Narayana®).
Its only known function is the hydrolysis of the Arg?3—Lys?** peptide bond of factor
B, which takes place only in the context of a Mg?*-dependent complex of factor B
with C3b, or the C3b equivalents, C3 with a hydrolyzed thioester bond (C3,,,) or
cobra venom factor (CVF). Cleavage of complexed factor B results in the formation
of the bimolecular C3 convertase of the alternative pathway, C3bBb. Experiments
using genetically deficient mice demonstrated that factor D is the only enzyme in
blood that can catalyze this reaction, and hence, it is indispensable for the activation
of the alternative pathway.’

Factor D mRNA encodes a zymogen form of the enzyme displaying an activation
peptide six or seven amino acid residues long.' However, factor D circulates in blood
devoid of the activation peptide in a form corresponding to active trypsin,!' indicating
that the activation peptide is cleaved off intracellularly before secretion into the blood.
Profactor D can be isolated from supernatants of insect cells infected with recombinant
factor D cDNA-baculovirus, whereas mammalian cells transfected with factor D cDNA
secrete the mature trypsin-like form of the enzyme.!? In contrast to factor D, profactor
D is resistant to inactivation by diisopropyl fluorophosphate (DFP), and cannot cleave
C3b-complexed factor B to form a C3 convertase. However, profactor D can be con-
verted to active factor D by treatment with catalytic amounts of trypsin. It thus appears
that intracellular activation in mammalian cells is carried out by an unidentified trypsin-
like protease missing from insect cells. The absence of a structural proenzyme in blood
creates the need for an alternative mechanism regulating the proteolytic activity of factor
D, and led to the proposal that native factor D circulates in blood in a catalytically
inactive “resting” state and that transition to the active state is mediated by reversible
conformational changes induced by its only known natural substrate, C3bB.!* A corol-
lary of this proposal is that after cleavage of factor B, factor D reverts to its inactive
resting conformation. Functional and structural data reviewed briefly below have pro-
vided strong support for this proposal.

Kinetics experiments demonstrated that factor D cleaves C3,,-complexed factor
B very fast with k_ /K, of =2 x 10° s~'M~'.!* This rate approaches the diffusional

cat’

encounter rate of two molecules of the size of factor D and C3p,,B, and is
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comparable to the rate constants of catalytically efficient proteolytic enzymes. In
sharp contrast to the very fast hydrolysis of its only known protein substrate, reac-
tivity of factor D with small peptide esters and mechanism-based serine protease
inhibitors is very low. Of dipeptide thioesters with an Arg at the P1 site, only those
containing Arg, Val, or Lys in P2 are hydrolyzed by factor D at measurable rates.'?
Extension of peptide thioesters to include Gln at P3 and P4, which is also present
in the corresponding positions of the factor B cleavage site, results in complete loss
of reactivity. Also, tripeptide thioesters containing four other amino acids at P3 (Gly,
Glu, Lys, Phe) are not reactive with factor D. In addition to this high degree of
specificity, factor D exhibits extremely low reactivity with peptide thioesters as well
as p-nitroanilide substrates.!*!* Compared to Cls, its functional homologue in the
classical pathway, the catalytic efficiency of factor D, as measured by the k. /K,
ratio, is two to three orders of magnitude lower. Compared to trypsin it is three to
four orders of magnitude lower. Also, peptides containing an amino acid sequence
identical to that spanning the cleavage site of factor B are very poor substrates, and
they do not inhibit factor D-catalyzed cleavage of C3,;,,-complexed factor B. Even
a 13-mer that extends across the cleavage site of factor B from P7 to P’6 and should
interact with all binding subsites of factor D is not cleaved.'* Similarly, isocoumarins
substituted with basic groups, which are very efficient inhibitors of trypsin-like serine
proteases, react poorly with factor D. K, /[I] values measured for factor D were five
orders of magnitude lower than those obtained for trypsin.!> The discrepancy in
catalytic efficiency between cleavage of its natural substrate, C3b-complexed factor
B and small synthetic substrates supports strongly the proposal of a C3bB-induced
active conformation of the catalytic center. Further support for this mechanism has
been provided by the crystal structures of factor D, its inhibitor complexes, and
profactor D.

The structure of native factor D has been determined at 2.0 A resolution from
triclinic crystals!® (Protein Data Bank [PDB] code IDSU) ) and at 2.3 A from
monoclinic crystals'” (PDB code 1HDF). The asymmetric unit of the triclinic
crystals contained two noncrystallographically related molecules, A and B, which
although very similar to each other displayed certain differences in the disposition
of the residues of the catalytic triad. The structure of the single molecule of the
monoclinic crystals as well as three inhibitor complex structures!’-'* are almost
identical to molecule B, making it likely that this is the predominant or perhaps even
the only structure of native factor D in solution. The structure of molecule B is
considered here.

The factor D molecule has the shape of an ellipsoid and its overall structural
fold is very similar to that of other serine proteases of the chymotrypsin family. Like
other serine proteases, the polypeptide chain folds into two -barrels each comprising
six or seven antiparallel f-strands, concluding in a C-terminal a-helix (Figure 4.1).
The residues of the catalytic triad, His’, Asp'®, and Ser'® (chymotrypsinogen
numbering has been used throughout to allow comparisons with other serine pro-
teases), are located at the junction of the two f3-barrels. Despite its overall similarity
with typical serine proteases, factor D exhibits unique topologies of essential ele-
ments of the active center that preclude productive substrate binding and efficient
catalysis. Specifically, atypical nonfunctional conformations are observed in the
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Profactor D

FIGURE 4.1 Ribbon diagram of factor D and profactor D. Residues of the catalytic center,
including the catalytic triad and the S1 pocket are shown as ball-and-stick models. The amino
(N) and carboxyl (C) termini are labeled.

catalytic triad, the primary specificity pocket (S1), and the nonspecific substrate-
binding site.!®!7

In all serine proteases of known structure, the spatial relationships among the
three residues of the catalytic triad Asp!'°2, His%’, and Ser!®> are constant and essential
for the formation of a functional unit responsible for catalytic activity.?*-?! The proper
orientation of these residues is stabilized by a network of hydrogen bonds. His’
plays a critical role in catalysis acting as a general base catalyst enhancing the
nucleophilicity of Ser'®s, and hence, the orientation of the His’’-Ser'®> dyad is
particularly important and has been conserved among three serine protease families
—chymotrypsin, subtilisin, and carboxypeptidase — that have evolved indepen-
dently.?? In factor D, only Asp'®? and Ser'® are topologically similar to the corre-
sponding residues of typical serine proteases. In contrast, the imidazolium of His®’
is oriented away from Ser!®> having assumed the energetically favored gauche  or
trans orientation instead of the canonical gauche* of serine proteases.

The space filled in other serine proteases by His*’ is occupied in factor D by
Ser?’> and a hydrogen bond between the O of this residue and O° of Asp'??
contributes to the stabilization of that residue. The positioning of Ser?'> between
Asp'?? and Ser'® prevents His*” from assuming its functional orientation. In other
serine proteases, residue 215 is a highly conserved bulky aromatic, usually Trp or
more rarely Phe, facing away from the catalytic triad. Another key substitution
favoring the atypical disposition of the catalytic triad of factor D is at position 94.
In almost all chymotrypsin-like serine proteases, residue 94 is a Tyr, or more rarely
a Phe, whereas in factor D a small Ser is found at that position. In contrast to the
bulky side chains of Tyr** and Phe®, the side chain of Ser®* does not cover the
catalytic Asp'® side chain and hence, it is unable to shield the “catalytic H bond”
between His’? N°! and Asp'®? O?? from bulk solvent molecules. In that respect, factor
D resembles GzmK, which also carries a small residue, a Val, at that position. In
addition, Thr?'# also contributes to the topology of the catalytic triad of factor D. In
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other serine proteases, this residue is a conserved Ser, which forms a hydrogen bond
with Asp!® that stabilizes its orientation. Thr?'* of factor D is pointing away from
Asp'®, precluding the formation of a bond between them.

The importance of these three residues, Ser®, Thr?'4, and Ser?" in promoting
the atypical conformation of His’’, was demonstrated by mutational analyses.??
Substitution of the conserved trypsin residues at these three positions of factor D in
the mutant S94Y/T214S/S215W resulted in substantially increased esterolytic and
proteolytic activity and a typical serine protease topology of the catalytic triad, as
demonstrated by the crystal structure of the mutant. It is also significant that the salt
bridge between Arg?'® and Asp'®’, which as discussed below is another significant
contributor to the orientation of the catalytic triad of factor D, was disrupted in the
triple mutant.

The structure of GzmK, another serine protease with low reactivity in its resting
state, is very similar to factor D. Like factor D, GzmK has a small residue, Val, at
position 94 instead of the typical Tyr or Phe of serine proteases. Also, like factor
D, GzmK has a small Gly instead of Trp at position 215. Factor D has a Ser at that
position. Apparently because of the presence of these atypical residues, the catalytic
triad and the nonspecific substrate-binding site of GzmK point outward beyond the
molecular body and assume conformations incompatible with proteolytic activity.
The imidazolium group of His*’ is rotated from its typical gauche* to a gauche~ or
trans conformation apparently because Gly?!> occupies the space usually occupied
by His>’. The 214-217 loop curves upward. This unusual conformation is stabilized
by a strong H bond connecting the N of Gly?"> with the Asp'?? carboxylate. It has
been proposed that the proteolytically active conformation of mature GzmK is
induced by the substrate.?*

Trypsin-like serine proteases have an Asp residue at position 189 at the bottom
of the primary specificity pocket, S1. The presence of Asp'®® is essential for substrate
binding as it binds the Arg or Lys P1 residue of the substrate and positions the
scissile bond for nucleophilic attack by Ser!'®>.2°2¢ Factor D also has an Asp at position
189 (Figure 4.2). However, Asp'®® of factor D is not free, but forms a salt bridge
with Arg?'%, which replaces Gly?'® of trypsin. The formation of this salt bridge has
two major untoward effects with respect to substrate positioning and catalysis. First,
it restricts access of P1 Arg of the substrate to the negative charge of Asp'®®. Second,
it acts as a tether forcing the loop formed by residues 214 to 218 to rise substantially
away from its position in typical serine proteases toward the bulk solvent. This
upward movement of segment 214 to 218 is responsible to a great extent for the
positioning of Ser?!> within the catalytic triad space and the formation of the hydro-
gen bond between Ser?’® and Asp'®2. In addition, the position of this loop causes
narrowing of the entrance of the S1 pocket, which also becomes deeper. Finally,
because this loop contains the nonspecific substrate-binding site, its unusual con-
formation inhibits substrate binding. For productive binding, peptide substrates must
align antiparallel to the extended segment 214 to 219, under formation of two H
bonds between P3 N and O to Gly?!® O and N, respectively, and an additional H
bond between P1 N and Ser?'* O. Formation of these bonds is precluded by the
conformation of this loop in factor D, where in fact it overlaps with bound peptide-
mimetic inhibitors in other serine protease complexes. Thus, this “self-inhibitory”
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FIGURE 4.2 The active center of factor D. Residues of the catalytic triad and selected
residues of the S1 pocket and the nonspecific substrate-binding site are shown as ball-and-
stick models.

214-218 loop dictates to a great extent the inactive resting state conformation of
native factor D.!”

The nonspecific substrate-binding site of al1-tryptase also adapts a conformation
that precludes productive substrate binding. This is due mainly to the drastic con-
formational change of the Trp?'>~Gly?!? segment which bends away from the usual
track at the Trp?"> a-carbon atom, running in a zig-zag-like fashion across the
molecular surface fully blocking the nonprimed subsites and also blocking the
entrance to the S1 pocket.?’” Thus, a complete refolding of segments 214 to 220 is
necessary for substrate binding and catalysis.

Mutational replacement of all residues that line the S1 pocket of factor D,
including Arg?'®, with those of trypsin combined with the triple mutation
S94Y/T214S/S215W did not increase substantially the catalytic efficiency of factor
D against synthetic ester substrates,?®?° indicating that elements outside the S1 pocket
also play a role in determining its geometry and reactivity. Such elements include
two surface loops connecting the walls of the S1 pocket.*® Combining the above
mutations with replacement of one of these loops with that of trypsin resulted in
markedly enhanced reactivity against small thioester substrates with k_ /K, two
orders of magnitude higher than native factor D.? Despite its increased catalytic
activity against small peptide esters, this mutant like all mutants tested that had the
R218G mutation, had no or very low proteolytic activity. This finding was interpreted
to indicate that Arg?'® interacts directly with residues on the C3bB substrate. Such
an interaction would require breaking the Arg?'®—Asp!'® salt bridge, thus making the
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negative charge of Asp'® accessible to the P1 Arg of the substrate. Additional
conformational changes that need to be induced for effective proteolysis include the
realignment of the catalytic triad residues, the proper positioning of the nonspecific
substrate-binding site, and the widening of the S1 pocket. It seems likely that the
conformational changes of all these elements are linked, and occur concurrently
because they are triggered by the dissociation of the Arg?!'8—Asp'® salt bridge.

Like factor D, activated coagulation factor IXa has low catalytic activity against
synthetic substrates, low reactivity with chloromethyl ketone inhibitors, and no
proteolytic activity against its natural substrate, factor X. This low reactivity is
adequately explained by a partially collapsed S1 pocket that precludes productive
substrate binding and catalysis. The collapse of the pocket is apparently due to
flexibility of residues 216 to 220 and particularly to destabilization of Glu?". Sta-
bilization of the flexible segment resulting in a wide S1 pocket is apparently achieved
by complex formation with factor VIIla via calcium-mediated binding of anionic
membrane phospholipids. In the context of this complex factor, IXa becomes an
efficient proteolytic activator of factor X.*!

DegP a widely distributed bacterial heat shock protein that switches from chap-
erone to serine protease in a temperature-dependent manner’ provides another exam-
ple of occluded active center. In the chaperone conformation, the protease domain
of DegP exists in an inactive state, in which substrate binding and catalysis is
abolished. The protease domain of DegP has a typical chymotrypsin fold, but in the
chaperone conformation three flexible surface loops completely obstruct the entrance
to the active site. A large conformational change is required to allow the active center
to adapt typical catalytic orientation.*

High-resolution crystal structures of inhibitor complexes of factor D with DFP'8
(DIP:D, PDB code 1DFP), dichloroisocoumarin'® (DCI:D, PDB code 1DIC), and
isatoic anhydride!'” (FD/IA, PDB code 1BIO) have been determined. These struc-
tures differ very little from those of native factor D, and thus allow the visualization
of the elements of the active center of factor D. In all three structures, the imidazo-
lium ring of His¥ is in the gauche* orientation and the Arg?'3-Asp'®® salt bridge is
intact, although in the DIP:D structure, only one of the terminal N atoms of the
guanidinium group is involved in the ion bridge, instead of both in factor D. In the
DIP:D structure, both isopropoxy groups are present, whereas in the corresponding
complex of trypsin®* (PDB code 4PTP) only one is present the other one having
been hydrolyzed. Of the two isopropoxy groups of DIP:D, one is buried into the S1
pocket, while the other one extends into the solvent. The phosphoryl O atom of each
moiety is directed into the oxyanion hole forming H bonds with the backbone amide
N atoms of Gly'** and Ser'?.

The DCI:D and FD/IA structures are similar to each other. In both structures
the C7 atom of the inhibitor is ester bonded to the O of Ser!®3, and the benzyl ring
fits tightly into the S1 pocket being almost parallel to the peptide chains of the
pocket walls. The Arg?'8—Asp'® salt bridge is intact in both structures and the
aliphatic side chain of Arg?!® makes hydrophobic interactions with the benzyl ring
of the inhibitor. Also, in both complexes, His’” has the same gauche~ orientation as
in native factor D. In DCL:D, the carbonyl O of the inhibitor is oriented away from
the oxyanion hole, forming an H bond with Gly?'. However, one carboxylate O
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atom of the side chain of the inhibitor is hydrogen bonded to the peptide amide N
of Gly'? in the oxyanion hole. In the FD/IA structure, the amine substitution points
outward from the S1 pocket, while a water molecule makes hydrogen bonds with
both the carbonyl O of the inhibitor and the amino N of Gly'%>. The observed
conformation of both complexes disfavors deacylation of the inhibitor, and contrib-
utes to the long half-life of the complexes.

The elucidation of the crystal structure of the zymogen of factor D* (PDB code
1FDP) made important contributions to understanding the interconnection among
the atypical configurations of elements of the active center of factor D. The crystal
structure of profactor D determined at 2.1 A resolution is characterized by five high-
flexibility regions surrounding the S1 pocket (Figure 4.1). Major differences between
the structures of profactor D and mature factor D are found in the oxyanion hole,
the S1 pocket, and the catalytic triad. In contrast to factor D, where the charged N-
terminus of Ile'® forms a salt bridge with Asp!'®4, the N-terminal residues of profactor
D extend toward the solvent and Asp'** assumes a twisted conformation. As a result,
similarly to other serine protease zymogens, the 188—193 loop, which forms the
right hand wall of the S1 pocket and comprises the oxyanion hole, assumes a 3,
helix conformation, and the carbonyl group of Gly'*? points inward changing the
charge distribution of the oxyanion hole. Arg?'8, which in factor D forms a salt bridge
with Asp'®, extends over the S1 pocket and makes a pseudo salt bridge with the
carboxyl end of the 3,, helix, thus blocking the entrance to the S1 pocket. In the
absence of the Arg?'3—Asp!'® salt bridge, the backbone of the “self-inhibitory loop”
214 to 218 is lowered as is Ser?!, thus allowing His"’ to assume its typical serine
protease gauche* conformation.

In summary, cleavage of the activation peptide, which in typical serine proteases
is associated with transition from the inactive to the active form of the enzyme,*>-38
in factor D leads to misaligned catalytic triad, obstructed S1 pocket, and distorted
nonspecific substrate-binding site, despite the presence of an Ile!®~Asp'* salt bridge
and a functional oxyanion hole. The plasticity of the active center structures and
their interconnectivity are important factors in allowing the substrate to induce the
active conformation of the catalytic center. Transient expression of catalytic activity
obviously is beneficial to an enzyme initiating the activation of a pathway, because
it obviates the need for an activating protease and of an inhibitor.!

I1l. FACTOR B

Factor B, the second serine protease of the alternative pathway, is a 93-kDa, single
polypeptide chain protein with a total of 739 amino acid residues.***° It has a modular
“mosaic” structure consisting of three different domains and circulates in blood as
a proenzyme. Activation of factor B requires its cleavage by factor D into two unequal
size fragments, the N-terminal domain Ba, and the larger two-domain fragment Bb.
The latter provides the catalytic subunit of the alternative pathway C3/C5 conver-
tases, proteases with highly restricted substrate specificity for single Arg bonds of
C3 or C5.#! Bb expresses trypsin-like proteolytic activity only in the context of its
Mg?*-dependent complex with C3b or C3b-like molecules. Under physiological
conditions, the C3bBb complex is extremely labile and has a short half-life of about
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90 seconds.*! Experiments using genetically deficient mice demonstrated that factor
B is an indispensable component of the alternative complement pathway conver-
tases.*? Contrary to the classical serine proteases of the chymotrypsin superfamily,
factor B as well as C2, the homologous enzyme of the classical and lectin pathways,
use a novel mechanism to convert from zymogens to active proteases. The complex-
ity of the formation and function of these short-lived bimolecular proteases have
confronted investigators in the field with a great challenge.

The modular structure of factor B was initially visualized by transmission elec-
tron micrographs showing a three-lobed structure.*# The three lobes correlate to
the N-terminal domain comprising three complement control protein (CCP) or short
consensus repeat (SCR) modules, the von Willebrand factor type A (vWFA) domain
in the middle, and the C-terminal serine protease domain. Two short amino acid
segments connect these three modular components. It is believed that substantial
inter- and intradomain contacts are necessary to assemble this three-module protease
into a compact globular unit.*3

Transition of proenzyme factor B to fully active protease occurs in two sequential
activation steps. The first involves binding of factor B to C3b and the second the
proteolytic cleavage of its Arg?*’-Lys?* bond by factor D, resulting in the release
of the 30-kDa N-terminal fragment, Ba. This second step is associated with transient
transformation of Bb into a highly specific and extremely efficient protease in the
context of its association with C3b, which serves as cofactor. Bb dissociated from
C3b is largely inactive, exhibiting no or very low residual C3-cleaving activity,*+7
although its catalytic activity toward small synthetic peptide esters is increased
compared to intact factor B.!3 The activation process depends critically on confor-
mational changes in all three domains of factor B. No natural serpin-like inhibitor
regulates the catalytic activity of factor B. Instead, regulation of the convertase
activity is solely dependent on the rate of dissociation of the bimolecular complex
C3bBb. The inherent instability of the complex is greatly accelerated by the action
of a group of plasma and cell-membrane regulatory proteins.*®

Multiple lines of evidence support the view that cleavage of factor B and release
of Ba is associated with conformational changes of Bb. Using nuclear magnetic
resonance (NMR) spectroscopy, Hinshelwood and Perkins® detected a new signal
emanating from Bb that was not detected in the spectra of either the vVWFA or the
serine protease domain. The signal displayed almost no temperature-dependent shift,
suggesting structurally stable hydrophobic interactions, probably originating in fully
buried hydrophobic residues. Additional evidence for the conformational changes
that follow the release of Ba includes the observation that the linker peptide con-
necting the vVWFA and serine protease domains is inaccessible to elastase in Bb,
although it is accessible in intact factor B.** The functional significance of this
conformational change is unclear. However, based on the facts that (a) proteolytic
activation of factor B does not generate the highly conserved N-terminus at the
serine protease domain, which instead remains associated through the linker peptide
with the vVWFA domain, and (b) the C-terminal o7 helix of the vWFA domain of
some integrins mediates “outside-in” signals in cell adhesion,™ it has been proposed
that the cofactor-binding signal from the vVWFA domain is transmitted to the catalytic
center of Bb inducing its active conformation (reviewed in Xu et al.!).
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TABLE 4.1
Kinetic Parameters of Factor B and Bb for P1-Arg Synthetic Thioesters
B Bb
ket K, kea/ Ky, Keat K, kea/ Ky,
Substrate s mM) M) ) mM) (5T, M)
Z-Lys-Arg-SBzl 162 119 1370 136 0.58 2320
Z-Leu-Ala-Arg-SBzl — — 240 057 0.1 5360
Z-Gly-Leu-Ala-Arg-SBzl — — 710 059 0.6 9220
Z-Met-Gln-Leu-Gly-Arg-SBzI 031 3.0 104 012 021 560

Source: Data from CM Kam, et al. J. Biol. Chem., 262:3444-3451, 1987.

Kinetic studies have shown that in the context of the C3 convertase, factor B is
an effective protease. A K, of 5.86 x 10 M and a k_,, /K, of 3.1 x 105 s~'M-! were
measured for C3 cleavage by fluid-phase C3bBb(Mg?*). This catalytic efficiency is
in the same range as that measured for trypsin, which had a k /K, of 1.09 x 10°
s'M-1.4! In contrast, factor B hydrolyzed poorly P,-Arg containing small peptide
esters and compared to factor D and C2 was the least reactive enzyme.'? Even against
its best substrate, dipeptide thioester Z-Lys-Arg-SBzl, factor B displayed a k_,/K,,
of 1.37 x 103 s~'M~! (Table 4.1), which was three to four orders of magnitude lower
than that measured for trypsin against the same substrate. Similarly to factor D and
C2, factor B displayed extremely restricted substrate specificity hydrolyzing almost
exclusively C3- and C5-like peptide substrates among a large number tested. Pro-
teolytic removal of Ba had a clear effect on the catalytic properties. First, Bb acquired
substrate specificity for the small hydrophobic amino acid residues, Ala or Gly and
Leu at the P2 and P3 positions, respectively. These residues are also found at the
corresponding positions of C3 and C5. Thus, the best substrates of Bb are the C3-
like tetrapeptide Z-Gly-Leu-Ala-Arg-SBzl and the CS5-like tripeptide Z-Leu-Gly-
Arg-SBzl (Table 4.1). Second, Bb displayed about a tenfold increase in catalytic
efficiency compared to intact factor B. This effect was due mainly to decreased Km
values measured as 0.58 mM of factor B for hydrolysis of Z-Lys-Arg-SBzl compared
to 0.11 mM, and 0.06 mM of Bb for hydrolysis of Z-Leu-Ala-Arg-SBzl and Z-Gly-
Leu-Ala-Arg-SBzl, respectively. Thus, the conformational changes triggered by the
factor D-catalyzed cleavage of factor B apparently expose the previously obstructed
S2, S3, and S4 subsites of the serine protease domain. Such an effect is consistent
with the '"H NMR spectroscopic data mentioned above,* and with the crystal struc-
ture of the serine protease domain of factor B described below.

The crystal structure of the serine protease domain of factor B was determined
at 2.1 A resolution® (PDB code 1DLE). It displays the typical chymotrypsin fold
consisting of two B-barrels each comprising six f-strands. Despite the topological
similarity of the core 3-sheets to typical serine proteases, numerous differences are
observed in most of the surface helices and loops surrounding the core (Figure 4.3).
Six extended loops surround the active center, four of them — A, B, C, and E —
shape the substrate-binding pockets, S1°, S2°, S2, and S3, respectively. The side
chain of Tyr® of loop C along with that of Trp?!® form a divide between the S2 and
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FIGURE 4.3 Ribbon diagram of the factor B serine protease domain. The catalytic triad
residues His%’, Asp!'®, and Ser!®> are shown as ball-and-stick models. Insertions on surface
loops or helices are labeled as follows: (A) Val*-Glu*; (B) Thr®-Ser®; (C) Ile**~Phe®;
(D) Thr'»*-Asp'3; (E) Alal’>-Val'7?; (F) Val'8¢-Asp'®; (G) Val?’®-Ala??*. D1, D2, and D3
are loops deleted or shortened in factor B compared to typical serine proteases. (Adapted
from H Jing, et al. EMBO J., 19:164-173, 2000.)

S3 pockets. Both pockets are hydrophobic and S2 is small, correlating well with the
presence of Ala or Gly at the P2 position of C3 or C5, respectively, and of Leu at
the P3 position of both. These two subsites appear to be rigid and structurally stable
due to extensive interactions between loops C and E; thus, they are unlikely to
undergo conformational rearrangement. These findings are highly consistent with
the increased affinity of Bb over intact factor B for thioesters containing Ala or Gly
at P2 and Leu at P3 (Table 4.1). In factor B, loop G (L2) is much longer than in
other trypsin-like proteases, and contains multiple positively charged residues; it
appears disordered in the crystal structure, lacking a clear electron density. Two
loops, D and E, are substantially shorter in factor B, while a highly conserved loop
located at the N-terminal region of other serine proteases is deleted. The combined
effect is the formation of a unique hydrophilic surface located at the right of the
active center.

Differences from typical trypsin-like serine proteases are also observed in the
catalytic center of factor B (Figure 4.4). The catalytic triad residues His*’, Asp!®?,
and Ser'”, and the nonspecific substrate-binding site residues Ser-Trp-Gly?!4-216
display active conformations. However, the oxyanion hole exhibits a conformation
akin to that observed in certain zymogens including profactor D.3* This disposition
is due to the inward orientation of the carbonyl oxygen of Arg!®?, which forms an
H bond with the amide group of Ser!%. As a consequence, the backbone of residues
Cys-Arg-Gly-Asp''-1% adapts a single-turn 3,,-helical conformation. Such variant
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FIGURE 4.4 The active center of the factor B serine protease domain. Backbone of the active
center of factor B (gray) superimposed on that of trypsin (black). The side chains of the
catalytic triad residues His”’, Asp'®?, and Ser'®> and of selected residues lining the S1 pocket
are shown. The oxyanion hole, adapting a single turn 3,,-helix conformation in factor B, is
on the right-side wall of the S1 pocket.

configuration reduces substantially the positive charge that is required for a func-
tional oxyanion hole. The zymogen-like configuration of this crucial structural
element is not compatible with the highly efficient catalytic activity expressed by
the C3 convertase. It explains however, the lack of proteolytic activity and low
esterolytic activity of factor B and Bb.!* Obviously, then, a conformational change
leading to structural realignment of the oxyanion hole must be induced by the
cofactor, the substrate, or both.

In factor B, the overall geometry of the backbone residues forming the S1 pocket
is very similar to other trypsin-like serine proteases. The three walls of the S1 pocket
are composed by the amino acid segments Asn'®—-Ser!'%, Ser?!“—Asp?!8:, and
Arg?-His??® (Figure 4.4). A major characteristic of trypsin-like serine proteases is
the presence of a highly conserved negatively charged Asp'®® at the bottom of the
S1 pocket. This residue plays a fundamental role in positioning the P1-Arg of the
substrate for nucleophilic attack by Ser!®. In factor B, Asp'® is replaced by Asn,
while an Asp residue is substituted for the invariant Gly??® of trypsin-like enzymes.
The negatively charged side chain of Asp?*¢ extends toward the bottom of the S1
pocket. Like a few additional members of the chymotrypsin family>>-° carrying Asp
or Glu at position 226, one of the two carboxyl oxygens of Asp??® in factor B forms
H bonds with other residues within the pocket. Similar interactions were also
observed in the trypsin D189G/G226D mutant. The relocation of the negative charge
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in the S1 pocket resulted in a sharply decreased catalytic rate (k) toward P1-Arg
substrates.>® The presence of Asp?? in the S1 pocket of factor B suggests its direct
involvement in binding the P1-Arg of the substrate. However, the dispersed negative
charge may be responsible for the overall low reactivity of factor B or Bb with P1-
Arg-containing substrates and creates the need for additional interactions of Arg for
accurate orientation of the scissile bond. These questions were examined by site-
directed mutagenesis experiments.>’

Substitution of Asn for Asp??® completely abolished C3 convertase activity
without affecting convertase formation. Kinetic analysis of the catalytic parameters
of factor B D226N, using Z-Lys-Arg-SBzl as substrate, showed a 50-fold decrease
in k,,, but K, was equivalent to wild-type Bb. This result clearly indicates that the
negative charge of Asp?? is essential for efficient catalysis. Mutation of Asn'® to
Asp or Ala resulted in complete loss or substantial reduction, respectively, of pro-
teolytic activity, while the assembly of the C3 convertase was unaffected. The mutant
had significantly reduced K, and k_, against P1-Arg thioesters. Therefore, Asn'®
possibly provides additional interactions for P1 Arg perhaps through H bonding.
Relocating a trypsin-like negative charge at the bottom of the S1 pocket by con-
structing the double mutant D226N/N189D proved instructive. The mutant had no
C3-cleaving activity and its esterolytic activity versus P1-Arg thioesters was
decreased by 80%. Reduction in catalytic efficiency (k. /K,) was almost entirely
due to reduction in k., whereas the K, was unaffected. The loss of convertase
activity could not be attributed exclusively to defective substrate binding because
assembly of the C3 convertase was also affected.’!”? Similar results were also
obtained with a trypsin-like double mutant, D226G/N189D. Thus, the location of
the negative charge and the overall geometry of the S1 pocket are essential for
substrate binding and catalysis by factor B.

Decades of research produced adequate data indicating that binding of factor B
to cofactor C3b or its functional analogue CVF is through two discrete sites. One
is located on the CCP modules of Ba and the other on the vVWFA domain of Bb
(reviewed in Arlaud et al.?). Both sites are absolutely necessary for the formation
of the factor D—sensitive C3bB complex, the precursor of the C3 and C5 convertases.

CCP modules are approximately 60 amino acid residues in length and are
characterized by a consensus sequence that includes four invariant cysteines, a few
aromatic and hydrophobic residues and highly conserved prolines, and glycines.*®
They are common structural elements of complement receptors and regulatory
proteins®>® and also occur widely, always in multiples, in many proteins unrelated
to the complement system.5! Structural analyses of single and paired CCP modules
of factor H by using NMR®*-% and of other proteins by x-ray crystallography®-7
revealed that each CCP folds independently into an elongated [3-barrel with the long
axis running between the N- and C-termini. The structure consists of a central
antiparallel B-sheet with two extended loops flanked by short antiparallel (3-sheets.
The structure of the factor B CCP modules has not been solved, but is expected to
adapt a similar fold. Evidence that the factor B CCP modules contain a C3b-binding
site was initially provided by the demonstration that anti-Ba monoclonal antibodies
inhibited binding of factor B to C3b.% It was subsequently shown that Ba inhibited
the formation of the C3bB complex.® In order to define more precisely individual
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amino acid residues involved in C3b binding, a panel of factor B mutants was
constructed where small segments of four to ten amino acid residues spanning each
of the three CCP modules of C2 were substituted for the corresponding ones of
factor B.”® Comparison of the CCP mutants to wild-type factor B indicated that all
three modules are of functional importance. Two discrete segments were identified
to be essential for C3b binding. The first, SGQTAI'?-132, is located on the C-terminal
loop of the second CCP, and the second, PIGTRKV!4¢-152 on the N-terminal hyper-
variable loop of the third one.

The second C3b-binding site of factor B has been localized on the vVWFA domain
of Bb. vWFA domains are present in a large variety of extracellular proteins including
integrins, several types of collagen, and some other matrix proteins. In several
integrins, a single vVWFA domain, also termed I domain, plays a central role in ligand
binding and “outside-in” signaling.*® More than 14 crystal and NMR structures of
VvWFA domains have been reported. The domain adapts the dinucleotide-binding or
Rossmann fold with six major a-helices surrounding a central twisted 3-sheet that
contains five parallel and one antiparallel 3-strands. A divalent cation-binding site
is located on the top of the p-sheet and has been termed a metal ion—dependent
adhesion site (MIDAS). The metal ion is coordinated either directly or via H bonds
to water molecules by side chains of five highly conserved residues from three
different loops. The first loop, BA-al, contributes three coordinating residues in a
characteristic motif of DXSXS. The other two loops, a3-04 and PBD-a5, donate
Thr and Asp residues, respectively.

Evidence for the presence of a C3b-binding site on the vVWFA domain was
originally provided by electron microscopy studies of catalytic C3bBb complexes,
showing that only one of the two domains of Bb interacts with C3b.*37! Subsequently,
the Mg?*-binding site of factor B was assigned to the VWFA domain.*6#7 Indirect
evidence was also derived from the demonstration of a C4b-binding site adjacent to
Cys?*! at the N-terminal region of the vVWFA domain of C2.7> Substitution of Leu
and Ala for Asp* and Ser?** of C2, respectively, resulted in a more than 100-fold
decrease of C2 activity. These two residues of C2 are constituents of its MIDAS site.

Among VWFA domains of known structure, the aM/CD11b one is most relevant
to factor B because both proteins bind to ligands derived from the same parent
molecule, C3. Although the five metal coordinating residues of integrin and factor
B vWFA domains are conserved, the three loops on which the MIDAS motif resides
are highly variable. This observation suggests that interactions of the divalent cation
with the coordinating residues contribute some of the ligand-binding energy, but the
bulk of energy and specificity arises from the direct contact between complementary
surfaces of the vVWFA domain and its respective ligand. This idea is supported by
the functional analysis of three factor B/C2 chimeras.” They were constructed by
substituting the corresponding loops of C2 for those of factor B. The results indicated
that loops PA-al and fD-a5 participate in C3b binding and define the binding
specificity for C3b versus C4b. Moreover, the results suggested that loop fA-al,
which carries the three metal-binding residues Asp?!, Ser??3, and Ser?>, mediates
the conformational up-regulation of the affinity of Bb for C3b, which follows the
cleavage of C3b-bound factor B by factor D. Additional support for participation of
this loop in C3b-binding and affinity regulation was provided by mutational analyses
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of individual residues.” Substitution of Asp?>* with Gly or Ala resulted in enhanced
C3b-binding and proteolytic activity. A greater enhancement of ligand binding was
gained by the replacement of seven residues of factor B, 2*DSIGASN?%®, including
the MIDAS residue S*° with the corresponding ones of CD11b (GSIIPHD). In a
more recent study, recombinant factor B vVWFA domain was confirmed to bind to
immobilized C3b-like C3(NH,) in the presence of Mg?*.”> Mass spectroscopic anal-
ysis of the trypsin-digested C3(NH,)-bound vWFA identified two protected peptides,
29Gly-Lys?® and 3> Thr—Arg*! that form loops fA-a.l and fD-a5, respectively. The
finding suggests that these two peptides are in close contact with the ligand. The
same two loops were also shown to mediate ligand recognition in integrins a2f31,7
aMp2,”” and alp2.78

The combined data clearly demonstrate that the factor B vWFA domain shares
close functional resemblance with those of integrins, with the ligand-binding site
being defined by residues on the MIDAS face of the domain. To date, the oM, aL,
and o2 integrin vVWFA domains are the best characterized structurally and function-
ally. Each of these domains was crystallized in two different conformations,
open/high affinity and closed/low affinity.””-#! The open conformer represents the
ligand-bound or ligand mimetic—bound state and the closed one the ligand-free state.
The open and closed conformations differ in the occupancy pattern of the metal
ion—coordination sphere, the backbone of surrounding loops, and the position of the
C-terminal o helix. In open conformation, a negative charge of oxygen from an
acidic residue donated by the ligand completes the octahedral coordination sphere
of the cation. This altered coordination pattern is accompanied by a 2.3 A sideways
movement and significant rearrangement of the fA-aland fD-a5 loops. Finally, a
large, about 10 A downward shift of the C-terminal o7 helix transmits the binding
signal from the upper to the lower face of vVWFA domains.

The active conformation of the oL vVWFA domain was structurally stabilized by
an engineered, single disulfide bond at the C-terminal end.??#* The resultant active
aL. vWFA domain displayed conformational changes similar to those induced by
binding of the ligand ICAM-1 and up to 9000-fold increased ligand-binding activity
compared to the wild-type domain. In factor B, a series of structural changes is
initiated by C3b binding and factor D cleavage, as indicated by a transient increase
in binding affinity of Bb for C3b, sequestration of the Mg ion, and the expression
of proteolytic activity. The C-terminal a helix of the factor B vWFA domain is
connected to the serine protease domain through a linker peptide of 13 amino acid
residues. The possible role of C3b binding in activation of the serine protease domain
of Bb through a movement of the a7 helix was examined recently.

A pair of Cys residues was introduced in the C-terminal region of the vVWFA
domain of factor B by mutagenesis at positions corresponding to those of the alL
VWFA domain. The crystal structure of the mutant Bb (Bb®4?-C435) was determined
at 2.0 A resolution.3* The overall shape of the Bb2-C45 molecule resembles a
distorted dumbbell (Figure 4.5), a close match to its appearance on the electron
micrographs.**# The C-terminal end of the vVWFA domain is connected to the serine
protease domain by a 13-residue long linker, which forms a one-turn 3,, helix, and
is disulfide-linked to the serine protease domain. The catalytic center and the MIDAS
motif reside at opposite poles of the two-domain molecule. Importantly, the vVWFA
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FIGURE 4.5 Ribbon representation of the Bb®28-C435 crystal structure. The serine protease,
the von Willebrand factor type A (vWFA) domain, and the linker peptide are shown. The N-
and C-termini are indicated. Arrows point to the positions of the catalytic center and the
MIDAS site. The metal ion is shown as a ball. The engineered disulfide bond in the vVWFA
domain is shown as a ball-and-stick model. Surface loops lacking clear electron density are
shown as dotted lines.

domain of Bb®#?8-C435 adapts a conformation similar to the “open” conformation of
vWFA domains of integrins. The metal ion coordination is identical to that of ligand-
bound aL and a2 vWFA domains, except that the sixth coordination site is occupied
by an oxygen from a water molecule rather than an acidic residue of the ligand.
Also, the a7 helix is in a position identical to that of the downshifted a7 helix of
ligand-bound a2 and aM. Thus, it appears that the C*—~C*> bond indeed locked
the Bb vVWFA domain in the “open” conformation as intended. However, the structure
of the serine protease domain of Bb®?8-C435 remained identical to that of the isolated
wild—type domain.’! In particular, the oxyanion hole displays the zymogen-like 3,
helical configuration apparently unaltered by the presumed downward movement of
the C-terminal helix of the VWFA domain. In addition the catalytic activity of
BbC428-C435 against C3 and P1-Arg thioesters was equivalent to that of wild-type Bb.

The combined results strongly suggest that the structural rearrangements at the
MIDAS face and the C-terminal end of the vVWFA domain of Bb, presumably
associated with C3b binding, would not be transmitted to the serine protease domain
and hence, would not induce the active conformation of the catalytic center. Whether
C3b could directly bind to the serine protease domain and induce its active confor-
mation seems doubtful. The one domain attachment to C3b, observed in the electron
micrographs of C3bBb* or CVFBb’! argues against any direct contact between C3b
and the catalytic domain. Furthermore, the report that dissociation of Bb from cell-
bound C3b displayed simple first-order kinetics® supports the idea of one-domain
attachment. Therefore, it is reasonable to propose that conformational activation of
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the catalytic center of Bb is induced by a different mechanism, perhaps by binding
of the substrate C3 or CS5. This hypothesis is supported by two additional lines of
evidence. First, two separate reports showed that similar to Bb the proteolytically
active CVFBb or C3bBb complex had low esterolytic activity against synthetic
esters,®80 suggesting a key role of the substrate in catalytic activation of the con-
vertase. Second, a recent crystal structure of the Bb®?8-C435_DIP complex provided
a clear view of a reoriented active conformation of the oxyanion hole instead of the
zymogen-like one seen in the uncomplexed structure.®* This new finding clearly
demonstrates the plasticity of the active center of Bb, which provides the structural
basis for the proposed substrate-induced activation. If that were the case, the absolute
requirement of C3b for expression of convertase activity could possibly be attributed
to the presence of binding sites on C3b for the substrates C3/CS5.

In conclusion, both enzymes, factors D and B, participating in the activation of
the alternative pathway appear to belong to the subgroup of inducible serine pro-
teases. Both express very low reactivity against synthetic substrates but high catalytic
efficiency against their natural substrates, C3b-bound factor B and C3/C5, respec-
tively. Available structural and functional data reviewed here support the hypothesis
that the active conformation of the catalytic center of both enzymes is induced by
their respective substrates.

SUPPLEMENTARY MATERIAL ON CD

All figures, including Figures 4.1 through 4.4 in color, and their corresponding
captions are supplied on the companion CD.
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I. INTRODUCTION

The organization of this chapter will be as follows: First, we provide some historical
context for our efforts aimed at determining the structures of C3d and C4d. Second,

111



112 Structural Biology of the Complement System

the structures of human C3d and C4d of the C4A isotype will be described. Since,
the backbone structures of these two fragments turned out to be much more similar
than one would have predicted based on sequence similarity, for the most part the
structures will be presented in a compare and contrast manner. Finally, insights
gained from inspection of the C3d and C4Ad structures have prompted two func-
tional studies and these will be summarized in the last section of the chapter. The
first of these functional studies relates to the localization of a complement receptor
(CR) 2-binding site in C3d, an area of both considerable interest and much contro-
versy. The second functional study relates to whether there are differences in the
intrinsic affinities for CR1 of C4b fragments derived from the C4A and C4B isotypes
of human C4, these isotypes being defined by sequence differences in their respective
C4d regions.

A. IMPETUS FOR DETERMINING STRUCTURES OF C3d anD C4d

It has long been appreciated that C3 is the pivotal component of the complement
system with respect to the clearance of pathogens. More recently, there has been an
appreciation of the important role of C3 in linking the innate and adaptive immune
systems.'> The physiologic degradation fragments of C3 mediate attachment of
opsonized targets to four classes of complement receptors present on a variety of
cell types,* including phagocytic cells (macrophages, Kupffer cells, neutrophils,
monocytes), primate erythrocytes, B cells, and follicular dendritic cells (FDC). The
nomenclature of the physiologic degradation fragments of human C3 is indicated
on the chain structure diagrams shown in Figure 5.1A. C3b is the preferred ligand
for CR1 that is present on all the cell types listed above, and iC3b is the ligand for
CR3 and CR4 present on phagocytic cells and FDC. The ligands for CR2, which is
present on B cells and FDC, are iC3b, C3dg and C3d, the latter being a proteolytic
limit fragment derived from the factor I cleavage-derived C3dg fragment (see Figure
5.1A). C3b is also a subunit of the alternative pathway C3 convertase (C3bBb) and
of the C5 convertases of both the classical (C3bC4bC2a) and alternative (C3bC3bBb)
pathways. In all of the above functions, the ability of C3 to covalently bind to a
target surface is crucial. C3, and its homologue C4, possess a protease-activateable
intramolecular thioester bond that, upon becoming surface-exposed following pro-
tease activation, is capable of transacylating to target nucleophiles, thereby forming
covalent adducts. This thioester bond is formed between the side chains of cysteine
and glutamine within the sequence CGEQN/TM that is present in the “d” regions
of C3 and C4 (see Figure 5.1 for the location of the thioester in the primary sequence).

The current understanding of the covalent binding process was derived largely
from biochemical studies aimed at elucidating the basis for the covalent binding
differences displayed by the C4A and C4B isotypes of human C4, these isotypes
normally being coexpressed in any given individual. Whereas the C4A isotype
formed exclusively amide-linked adducts to the target, the C4B isotype, as well as
C3, showed a very strong preference for ester bond formation. The human C4
isotypes are defined by the presence of one of two hexapeptide sequences,
HOIPCPVLD!'1% and "O'LSPVIH!'!% for C4A and C4B, respectively, these residues
being located within the C4d segment (see Figure 5.1B for a schematic of the C4
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degradation fragments) ~100 residues COOH-terminal to the thioester-forming
residues.”>® The equivalent “isotypic” segment in C3d has the sequence DAPVIH.
The picture that has emerged is that there are actually two different mechanisms at
play and that the COOH-terminal-most isotypic residue dictates the covalent binding
preference (reviewed in Law and Dodds’). For C4B and C3, where there is a His
residue present, the mechanism is proposed to be a two-step catalytic process in
which the thioester is first attacked by the imidazole ring nitrogen of histidine to
form a short-lived and highly reactive acylimidazole intermediate. The liberated
thiolate anion is in turn proposed to act as a Brgnsted base on hydroxyl group
nucleophiles, thereby catalyzing their attack on the acylimidazole intermediate. For
C4A, where the isotypic histidine is lacking, there can only be a direct and uncat-
alyzed attack of the nucleophile on the thioester. The inherently stronger nucleophi-
licity of amino groups, relative to hydroxyl groups, thus explains the amide bond
preference shown by C4A.

The catalyzed versus noncatalyzed transacylation mechanisms also explain why
the competing water hydrolysis reactions are much faster for C4B (and by implica-
tion C3) than for C4A.8 The hydrolysis reaction is important for limiting the lifetime
of the transacylation-competent state in order to restrict covalent binding to the non-
self surfaces that bear the activating convertases. Although all organisms having a
clearly defined classical pathway have a human C4B-like entity showing hydroxyl
group transacylation specificity, only a subset of mammals (primates, sheep and
cattle) have evolved an additional C4A-like molecule with amino group specificity.’
It is believed that the dual nucleophilic specificity conferred by having two C4
isotypes allows the classical (or lectin) pathway to propagate on a wider repertoire
of pathogen-associated substrates.

If C3 is to be considered the core complement component, then the C3d region
must be considered the core of the core because it contains the thioester-forming
residues that mediate covalent attachment to the target. Additionally, as a ligand on
its own for CR2, it mediates the complement link between the innate and adaptive
immune systems that allows adaptive humoral immunity to focus on antigens that
have already been identified as foreign by the innate immune system.!® Specifically,
it has been shown that C3d, which is covalently attached to an antigen, has the
ability to significantly lower the amount of antigen required to elicit an antibody
response.'12 It is believed to do so via coligation of the B-cell receptor complex
and CR2, which itself is associated with a preexisting signal transduction complex
in the form of CD19-CD81. The augmented signaling resulting from the coligation'3
lowers the threshold of antigen required for B-cell activation.

For quite some time, we had been interested in two general areas of complement
protein structure-function. The first was understanding the covalent binding mech-
anism in C3, and C4. For example, we had contributed to the finding that the COOH-
terminal histidine of the isotypic segment of human C4B isotype dictated that the
covalent binding reaction would be to hydroxyl group nucleophiles and that other
residues at this position would result in transacylation onto amino groups.'# Subse-
quently this was also shown to be true for C3."> As a proposed mechanism for the
covalent binding reaction emerged from biochemical approaches to the problem,”:1¢
it cried out for some structure-based support. Unfortunately, this was not likely to
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be forthcoming within the context of intact C3, or its major cleavage product C3b.
Despite aesthetically appealing protein crystals having been obtained in 1994 for
methylamine derivatives of intact C3 and C3b, in which the methylamine would
have formed an adduct to the reactive acyl group of the thioester bond,!” their
diffraction quality, even at a synchrotron, was extremely poor (7.7 A), and so these
crystals offered no hope of yielding an atomic resolution structure of the molecule.

The second area of our interest was in mapping the numerous protein—protein
interaction sites in C3 and C4 for other complement family molecules. We, and
others, had been engaged in what might be referred to as non-structure-guided
approaches that were predicated on sequence comparisons, blocking antibody
approaches, subfragment and peptide mimetic binding studies and site-directed
mutagenesis.'® Our particular contribution was to test via site-directed mutagenesis
candidate sites deduced from the other approaches. For example, a 42-residue seg-
ment at the NH,-terminus of a C3 a'-chain had been implicated as contributing to
the binding interaction between C3b and factor B, factor H, and CR1'*? and using
site-directed mutagenesis, we identified some of the potential contact residues.?! As
the story on the importance of the molecular adjuvant effect of the C3d—CR2
interaction began to emerge, an effect with clear implications for human vaccine
design, we became increasingly interested in mapping the site within C3d for its
interaction with CR2. Indeed, peptide studies had identified a C3d-resident segment,
1199-1210 (mature C3 numbering) that apparently mediated the binding interac-
tion.”2 Much to our surprise and disappointment, extensive mutagenesis of this
segment within the context of either iC3b or C3dg failed to have any substantial
impact on the ability of the mutant molecules to bind to CR2.2* Since there were
no other candidate sites to test, and since the prospect of a brute force mutagenic
scan through the ~310 residue C3d molecule was unappealing, especially knowing
that without a structure to guide us we could easily be misled by the deleterious
conformational effects of mutating a buried residue, we opted to take the plunge
into the realm of structural biology in the hope that a C3d structure might suggest
candidate CR2 interaction sites to be tested via site-directed mutagenesis. The
subsequent structural studies on C4d were undertaken in part to gain further insights
into the covalent binding mechanism and in part to further understand the basis for
the differences in the functional properties to which C3d and C4d contribute.

B. EviDencCE FOR DoMAIN NATURE OF “d” FRAGMENTS

The proteins C3, C4, and C5 constitute a superfamily that is distantly related to the
protease inhibitor a,-macroglobulin.?* Based on modeling analyses of neutron scat-
tering data of intact C3, C4, and C5 in solution, as well as in the case of C3 and
C4 their constituent ~150-kDa “c” and ~35- to 40-kDa “d” fragments, each
intact protein can be described as a two-domain entity with a large oblate ellipsoid
representing the “c” fragment and a smaller domino tile-like projection representing
the “d” region that is aligned off to one side along the long axis of the ellipsoid.?>’
These data clearly suggested that the respective “d” regions formed independently
folded domain entities that had the potential to be expressed in recombinant form
in the absence of the remainder of the molecule. Also consistent with the notion of
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a compactly folded domain are the observations that C3d seems to be a reasonably
stable proteolytic end product. It has long been known that the physiologic degra-
dation product C3dg, which is produced as a result of cleavage by the complement
regulatory enzyme fI, and remains covalently attached to the target, can be readily
trimmed of its NH,-terminal 45 residues by trypsin, but is then reasonably stable
toward further degradation.?® Treatment of C3 with leukocyte elastase and cathepsin
G can also produce a C3d-like entity directly.?*°

Il. STRUCTURES OF C3d AND C4Ad
A. EXPRESSION STRATEGIES AND WHAT CRYSTALLIZED

We initially expressed in bacteria a recombinant fragment of C3dg corresponding
in length to the approximate boundaries defined by the physiologic sites of cleavage
by fI (i.e., residues 926—1281, mature C3 numbering; see Figure 5.1A). In terms of
post-translational modifications, there were no glycosylation sites to concern us,
however, there were three cysteines, two of which (Cys 1079 and Cys 1136) needed
to form a disulfide bond and the third (Cys 988) contributing the thiol moiety of the
thioester. Because the thioester would not be expected to form in a bacterially
expressed C3 subfragment, we could ensure the correct cysteine pairing by mutating
the thioester cysteine to alanine. C3dg—C988A was expressed without affinity tags
and was purified from the soluble fraction of the bacterial lysate by sequential ion-
exchange chromatography on DEAE-Sephacel, followed by Mono-Q FPLC. The
protein was well-behaved in terms of being soluble at greater than 10 mg/ml at
neutral pH, gel filtering as a monomer, having its disulfide bond reducible only in
the presence of denaturant, having a far UV circular dichroism spectrum character-
istic of a folded protein predicting approximately one-third helical content, and
finally, being equipotent with serum-derived C3dg in binding to Raji cell CR2 (D.E.
Isenman et al., unpublished data). However, the crystallization screens attempted
with this material were all negative. Following the well-established protein crystal-
lography axiom of “get rid of the floppy bits,” the construct was reengineered to
remove most of the “g” segment (Figure 5.1A) so that it now corresponded to a
C3d-like molecule spanning residues 974—1281. Although intrinsically less soluble
than C3dg, the recombinant C3d could be isolated in acceptable yield from the
bacterial lysate fraction so long as the bacteria were grown at 28°C, or less. We also
discovered that in order to concentrate the protein for crystallization trials, it was
necessary to work at pH 6. The purification essentially followed the scheme worked
out for recombinant C3dg with the addition of a final Mono-S FPLC step.?' Recom-
binant C3d displayed the same physicochemical and CR2-binding characteristics as
described above for C3dg, but this time a crystallization condition (12% PEG 20K,
100-mM MES buffer, pH 6.5) was found that yielded rod-like crystals that diffracted
to a resolution of 1.8 A. The structure was determined from multiwavelength anom-
alous diffraction phasing using selenomethionine-substituted C3d crystals and
refined to a crystallographic R factor of 19.3%.%!

When it came time to tackle the structure of human C4d, various length permu-
tations of the C4d fragments containing either the C4A or C4B isotype-defining
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segments were bacterially expressed. Since there were no disulfide bonds that had
to form in this fragment, the thioester cysteine, Cys 991, could be left unaltered.
Although the fI cleavage-defined fragment corresponding to residues 938-1317
(mature C4 numbering) is commonly referred to in the literature as C4d, it actually
corresponds in length to C3dg. Thus, to distinguish it from the NH,-terminally
truncated variant corresponding to residues 983—1317 that was also expressed, we
have adopted the C3 nomenclature in referring to the former as C4dg and the latter
as C4d. Recombinant C4dg and C4d fragments of either isotype were also trimmed
of their respective COOH-terminal 12—13 residues by V8 protease digestion (the V8
cleavage site could be at either Glu 1304 or Glu 1305). Although it would not have
been used in our bacterial expression system in any event, the V8 proteolysis removes
an N-linked glycosylation sequon that is present at N1308. The various C4d deriv-
atives behaved as monomers so long as they were maintained in DTT-containing
buffers. Of the eight permutations subjected to crystallization trials, only C4Adg
that had been treated with V8 protease yielded crystals. Although obtained under
different conditions (28% PEG 4K, 200 mM MgCl,, 5 mM DTT, 100 mM Tris HCI,
buffer pH 7.5), the hollow rod-like C4Adg-VS8 crystals belonged to the same ortho-
rhombic P2,2,2, space group, as did the earlier C3d crystals. A C4Adg-V8 crystal
diffracted to 2.3-A resolution on a home source and its structure was determined by
molecular replacement using the previously determined C3d coordinates. It was
refined to a crystallographic R-factor of 21%.3

B. OveraLL ArcHITECTURE OF C3d anD C4Adg-V8

The final model for the structure of human C3d3! consists of vector-derived residues
ML plus C3 residues 974—1265 (mature C3 numbering), with the last 16 residues of
the 310—amino-acid construct yielding no electron density. However, the numbering
system used for the C3d model (PDB file 1C3D) corresponds to the residue numbers
in the expressed construct. Consequently, one must add 971 to convert the numbers
on the structure figures to the mature C3 numbering system (or add 993 to convert to
the pre-proC3 numbering sequence used in some publications). As can be seen from
the ribbon diagram representation shown in Figure 5.2A, C3d is a highly helical protein
(~70% helix content, note ~twofold underestimation of the circular dichroism analy-
sis). It belongs to the a—a six-barrel fold family that includes the enzyme molecules
endoglucanase,?® glucoamylase,** and the {3-subunit of protein farnesyltransferase.®
Interestingly, none of these proteins have any significant sequence similarity to C3d,
nor for that matter, to one another, strongly suggesting a case of convergent evolution
to a stable structural framework. The o—a six topology consists of consecutive o-
helices that alternate between the inside and the outside of the molecule such that there
is an inner core of six parallel helices surrounded by a ring of another six parallel
helices that run antiparallel to those in the core (see also Figure 5.3A for a top view).
There are also several short segments of 3,, helix found in the structure (see Figure
5.4 for the boundaries of the helices; N.B., the helical numbering system in this figure
corresponds to a standard nomenclature used for o—a six-barrel molecules®® and is
slightly altered from the numbering system used in the original Nagar et al.3! publi-
cation of the human C3d structure). The top and bottom surfaces of the barrel are
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Concave

surface
C3d C4Ad

FIGURE 5.2 Ribbon diagrams of the structures of C3d and C4Ad (panel A and B, respec-
tively) presenting a side view of the a—a six-barrel topology of both molecules, featuring the
distinct depression formed by the inner helices of the barrel, referred to as the concave surface,
and the convex shape of the opposite end of the barrel. Shown as ball and stick are the side
chain positions of the respective C3d and C4Ad thioester-forming residues Cys-17/Cys-991
(mutated into Ala 17 in C3d) and GIn-20/GIn-994, located at the convex face of the molecule.
The proposed catalytic residue, His-133 in C3d and the isopositional isotypic residue Asp-
1106 in C4Ad are also indicated, as is the location of a second free sulthydryl group in C4Ad,
from isotypic residue Cys-1102. Also shown in panel B, as ball and stick, are the side chains
of the polymorphic amino acids from Ser-1157, Thr-1182, Ala-1188 and Arg-1191. These
are proximately located on the concave surface and with the exception of Thr-1182 contribute
the major Ch/Rg epitopes. Also indicated is a loop in the C4Ad structure (residues 1213-1236)
for which no electron density was seen. Residue Ser-1217 in this loop is known to be involved
in the assembly of the C5 convertase complex (C2a4b3b) by its interaction with C3b. As a
point of reference, the location of a previously proposed?? binding site for CR2 within C3d
corresponding to residues E228 to A239 (E1199—A1210, mature C3 numbering), but which
was not validated by subsequent site-directed mutagenesis studies as making a substantial
contribution,? is also indicated in panel A. All molecular images in this and subsequent figures
were prepared using MOLSCRIPT?? and rendered using POV-RAY™. The color scheme used
throughout for ribbon representations of C3d and C4Ad, respectively, is dark grey and light
grey in the printed version of this chapter, and magenta and gold in the supplemental color
versions of the figures, provided on the companion CD. (Adapted from B Nagar, et al. Science,
280:1277-1281, 1998; and JM van den Elsen, et al. J. Mol. Biol., 322:1103-1115, 2002. With
permission.)

structurally distinct. On what is referred to as the concave surface (Figure 5.2A), the
helices come together to form a distinct depression. The opposite end of the barrel is
more convex in shape and located off to one side of this surface are the thioester
forming residues Cys 17 (mutated to Ala 17 in this recombinant C3d fragment), and
Gln 20 that mediate covalent attachment (Figure 5.2A). Subsequent to the publication
of the structure for our recombinant human C3d fragment, a high-resolution (1.44 A)
crystal structure of a serum-derived, but NH,-terminally truncated derivative of rat
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FIGURE 5.3 Top (A) and side view (B) superposition of the structures of C3d and C4Ad,
respectively, showing the o—a six-barrel topology of the molecules with 12 helices consec-
utively alternating from the outside to the inside of the barrel. (Adapted from JM van den
Elsen, et al. J. Mol. Biol., 322:1103-1115, 2002. With permission.)

C3d was reported.*® Although missing residues corresponding to the first helical seg-
ment of the a—o six-barrel (the first clearly defined amino acid was the thioester
cysteine, that is, equivalent to residue 17 in the human C3d structure, see Figure 5.4),
the human and rat C3d structures were largely superimposable with a root-mean-square
deviation of 0.87 A between equivalent C, atoms. The one major consequence of
lacking the first 16 amino acids relative to the human C3d fragment was the exposure
of a largely hydrophilic face of the molecule that mediated symmetrical dimer forma-
tion in two different crystal forms and which had a fairly large buried surface area of
1380 A2. Because the proteolytic truncation occurred not in serum, but rather during
the 6 to 8-week course of crystallization, the physiologic significance of the observed
dimerization is doubtful.

Figure 5.2B shows the final model (PDB 1HZF, mature human C4 numbering
system employed) determined for the C4Adg-V8 crystals viewed from the same
perspective as the C3d structure depicted in Figure 5.2A. Although the ~30%
sequence identity between C3 and C4 in their respective “d” regions was expected
to yield a generally similar fold, and indeed this was the rationale for using a
molecular replacement approach to determining the phases of the diffraction data,
we were surprised at how strikingly similar the backbone conformations were for
the two molecules. As can be appreciated from the top view and side view projections
depicted in Figure 5.3, the structures are, to a very large extent, superimposable,
with root-mean-square deviations of 0.424 A between their C, atoms. The similarity
of the boundaries of the secondary structure elements in the respective models is
also evident when these are depicted on their aligned sequences (Figure 5.4).
Although it was absolutely necessary for crystallization, there was no electron
density for the NH,-terminal 938-976 “g” region of the C4Adg-V8 recombinant
molecule, and thus the model corresponds to that of the C4Ad fragment. Also absent
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FIGURE 5.4 Sequence alignment of C3d (1C3D) and C4Ad (1HZF) with the boundaries of
the respective structure-derived secondary structure elements indicated in each case. The
numbering of the a-helices is in accordance with the standard nomenclature adopted for a—a
six-barrel molecules.*-3* 3-10 helices and strict $-turns are designated as T and TT, respec-
tively. The alignment was performed with Clustal X, and the secondary structure elements
were depicted on the aligned sequences using the Web-based program ESPript, version 1.9.
(Adapted from JM van den Elsen, et al. J. Mol. Biol., 322:1103-1115, 2002. With permission.)

was electron density for amino acid residues 1213-1236, most of which correspond
to a large insertion relative to the sequence of C3d (Figure 5.4), and that we expect
forms a larger loop structure than the equivalent segment of C3d (Figure 5.2).

C. StrRUCTURAL INSIGHTS ON COVALENT BINDING REACTION

To protect the thioester from large-scale spontaneous hydrolysis in the native mol-
ecule, it must be sequestered from the surface and only become surface exposed
following proteolytic activation of C3 and C4. However, within the context of the
C3d and C4Ad fragments, recombinant in our case, or serum derived in the case of
rat C3d, both the thioester-forming residues and the isotypic segments involved in
the catalyzed transacylation reactions of C3 and C4B are surface exposed on the
convex face of the molecule. Figure 5.5A depicts these segments as superpositions
of human C3d and C4Ad. The thioester-contributing cysteine (or the substituted Ala
17 in the case of the recombinant human C3d structure) is located on the apex of a
turn just NH,-terminal of the a2 helix containing the glutamine moiety of the
thioester. As is clearly demonstrated in Figure 5.5B showing only the C4Ad structure,
all that is required to bring the carbonyl carbon of the Gln 994 side chain to within
2 A of the Cys 991 sulfhydryl group, a distance typical of C-S bond length, is a
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FIGURE 5.5 (A) Superposition of the thioester region of C3d and C4Ad. Also shown for
each molecule are the conformations of the respective isotypic segments and the sequence
differences between the two structures (dark letters, C3d, lighter letters, C4Ad). In panel A,
the C3d residues are labeled and in panel B, the C4Ad residues are labeled. In panel A, the
C3d and C4Ad thioester-contributing residues C17/C991 and Q20/Q994 are shown in the
open conformation (in C3d the thioester C17 residue had been mutated to alanine). (B) If the
side chain of Q994 in C4Ad is rotated 50° about its chi-1 axis, as indicated by the rotation
arrow, the carbonyl carbon of this residue is brought to within S—C bonding distance (2 A)
of the sulfur moiety of C991. Also shown in ball and stick in this panel is the location of
isotypic residue C1102, providing the second free sulthydryl group in C4Ad. (Adapted from
JM van den Elsen, et al. J. Mol. Biol., 322:1103-1115, 2002. With permission.)

twist of ~50° about its Chi-1 (i.e., Ca—Cﬁ) axis. In other words, no rearrangements
of the backbone conformation were required. A similar conclusion had been reached
earlier for the human C3d structure by modeling in the cysteinyl sulfur group,’! and
by the group who reported the rat C3d structure, where the cysteine moiety of the
thioester was present.3

The location of the proposed catalytic residue His 133 in the C3d structure, on
a strand opposite the modeled thioester bond, provides general support for the two-
step transacylation mechanism involving the formation of a covalent intermediate
between the thioester carbonyl and the ring position 3 nitrogen of the His133
imidazole group. However, in both the human and rat C3d structures, it is about 4
A away from the thioester carbonyl and somewhat misoriented, both factors pre-
cluding the formation of the acylimidazole intermediate without movement of the
isotypic segment loop and some reorientation of the angle of the imidazole ring.
Potential apolar interactions between the penultimate isotypic segment residue Ile
132 with Phe 76 (see Figure 5.5A) may provide part of the binding energy for
keeping the main chain in a strained “closed” conformation in which the imidazole
ring is in the correct position for nucleophilic attack on the thioester carbonyl. Of
course, in native C3, one would not want His 133 to attack the thioester in the
absence of a proteolytic activation step, and so one must propose that in the closed
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conformation the imidazole ring is unavailable for nucleophilic attack, perhaps as a
result of a buried charge interaction with the side chain of Glu 19.

As is readily apparent from Figure 5.5A, the substantial sequence differences
in the isotypic segments of C4Ad and C3d (PCPVLD and DAPVIH, respectively),
including the presence of an additional proline in C4Ad, do not affect the backbone
conformation of this segment. It is therefore unlikely that the C4B isotypic segment,
having the sequence LSPVIH, will adopt a different conformation from that seen in
the other two examples, especially in view of its similarity to the C3 “isotypic”
sequence. An enigma that we have been unable to solve despite considerable effort,
and that prevents us from providing the most definitive proof on this point, is why
we failed to obtain crystals of C4Bdg-V8. Even a chimeric molecule of C4Bdg-V§
molecule containing the additional Pro 1101 of C4A, a substitution that might have
been expected to add conformational rigidity to the molecule, failed to yield crystals.

Using glycine and glycerol as model amino- and hydroxyl-group containing
compounds, respectively, it was noted that C3 and C4B, both of which possess the
catalytic histidine as the COOH-terminal-most isotypic residue, display some subtle
differences in their covalent-binding properties.” Whereas activated C4B possesses
non-negligible ability to form amide-linked adducts with glycine, in addition to its
good ability to form ester-linked adducts to glycerol, activated C3 shows no reactivity
with glycine, but similar reactivity with glycerol as does C4B. Law and Dodds’
suggested that the covalent binding of glycine to activated C4B occurs via the
uncatalyzed mechanism in competition with acylimidazole formation. Furthermore,
they proposed that the reason this was not seen with activated C3 was that it had a
higher rate of acylimidazole formation than did C4B.

A comparison of the structures of C3d and C4Ad in the thioester and isostypic
regions (Figure 5.5) suggests a mechanism for such a rate difference in acylimadazole
formation. Specifically, a carboxylate side-chain oxygen of C3d residue Glu 135 is
within H-bonding distance of the position 1 imidazole ring nitrogen of His 133 and
this interaction would be expected to enhance the nucleophilicity of the position 3
nitrogen on the opposite side of the imidazole ring. If His 1106, the C4Bd equivalent
of C3d His 133, occupies the same position as does the C3d residue, a reasonable
assumption based on the superposition of the C, atoms of C3d His 133 and C4Ad
Asp 1106, there would be no equivalent hydrogen bond that could be formed with
aring nitrogen of His 1106 as the C4d equivalent of C3d Glu 135 is Ser 1108 (Figure
5.5). The resulting slower rate of acylimidazole formation would increase the lifetime
of the surface-exposed intact thioester bond and thereby facilitate the uncatalyzed
attack of amino groups. It has been noted that the C3-1, C3-3, and C3-4 isoforms
of trout C3 display differences in their binding activities toward complement-acti-
vating targets.’’ These differences correlate with C3-1 having residues equivalent to
both His 133 and Glu 135 of human C3d, C3-3 possessing the histidine, but having
a substitution of Thr at the Glu 135 position and C3-4 having both His 133 and Glu
135 substituted for by Thr and Ser, respectively.’® Similar to the arguments advanced
for rationalizing the presence of two isotypes of C4 in some mammals, the authors
of the trout C3 study have speculated that the coexistence of isoforms of C3 having
different covalent-binding properties may confer upon the species a greater repertoire
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of substrates that C3 might bind to and thus enhance their collective ability to mediate
pathogen clearance.®

If the H-bonding mechanism involving C3d Glu 135 and His 133 increases
acylimidazole formation, why should that preclude attack of amino groups on the
acylimidazole intermediate if amino groups are inherently better nucleophiles? The
answer to this long-standing question may have a kinetic basis dictated by the
concentration of the relevant nucleophile. The nucleophilically active species of the
model transacylation target glycine requires the amino group to be in the free base
form, but at physiological pH it would only represent about one percent of the total
amino groups potentially available (less than 0.1% for e-amino groups in protein
targets). In view of the relatively low concentration of nucleophile, second order
kinetics dictate that amino group transacylation could only occur when the reactive
acyl group has a relatively long lifetime with respect to the competing solvolysis
reaction by 55 M H,O. This is precisely the case for the uncatalyzed direct attack
on the nascently exposed thioester where the half-time of hydrolysis is estimated to
be ~10 seconds.? By contrast, the highly reactive acylimidazole intermediate, where
the reactive carbonyl has partial acylium ion characteristics, could react with every
hydroxyl group or water molecule. Because of this, the lifetime of the acylimidazole
intermediate may be too short (t,,, of hydrolysis estimated to be less than 1 second?®)
for the reaction with the low concentrations of free base amino group to occur. But
what about the Brgnsted base role of the thiolate anion? Could it not increase the
nucleophilicity of the amino group nucleophile? The thiolate anion cannot change
the equilibrium state of protonation of the amino group as that is controlled only by
the pH of the milieu. Thus, its presence does not increase the concentration of the
free base amino group that must initiate the attack on the reactive carbonyl. By
contrast, the lone pair of electrons on the oxygen of a hydroxyl group already makes
this group weakly nucleophilic. Furthermore, in the course of its attack on the
acylimidazole intermediate, it is likely that the thiolate anion aids in the catalysis
by hydrogen bonding with the attacking hydroxyl group proton and thereby stabi-
lizing the transition state alkoxide intermediate.

As mentioned above, the thioester-forming residues are solvent exposed in the
C3d and C4Ad structures, but must be sequestered from the solvent in the context
of the native molecules. When viewed as a molecular surface (Figure 5.6), this region
of C3d is flanked by a number of surface-exposed apolar residues including Ile 23,
Phe 66, Phe 76, Ile 132 and Tyr 273. Indeed, these, as well as several other residues
in this region, are highly conserved among C3d sequences from diverse species, as
well as in C4d (indicated by the shading scale in Figure 5.6). Since the degree of
sequence conservation observed was similar to what was seen for the buried core
residues of C3d, it was proposed that this contiguous surface patch defines the
boundaries of a domain interface that mediates, through its interaction with another
portion of the intact C3 molecule, the burial of the thioester in native C3.3! Addi-
tionally, it was suggested that the conformational strain energy required to maintain
the catalytic His 133 in the closed conformation may in part be derived from the
binding interactions at this interface. The general structural features of this patch
were also apparent in a surface rendition of the C4Ad structure,*? the only significant
exception being that the side chain of Phe 1280, which is equivalent to C3d Tyr 273,
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FIGURE 5.6 The putative domain interface of C3d. Conservation values of residues, as
determined by multiple-sequence alignment of selected species of C3d and human C4d, were
mapped onto the surface of C3d. Degrees of conservation of surface exposed residues’
progress from light (not conserved) to dark (highly conserved), as is indicated by the shading
scale. (Adapted from B Nagar, et al. Science, 280:1277-1281, 1998. With permission.)

is not part of the surface-exposed patch in C4Ad (the reader is also referred to
molecular surface representations of this face of C3d and C4Ad, colored for elec-
trostatic potential, in the figure supplement for this chapter on the companion CD).
Although the general stability of the thioester bond in C3 and C4 against spontaneous
hydrolysis suggests that this interface is a fairly stable one, small nucleophiles such
as methylamine or ammonia can permeate through it and attack the thioester bond.
One might expect that the associated increase in volume would disrupt the packing
at the domain interface, thereby destabilizing it. However, given the relatively modest
change in volume and the fairly large size of the interface, one might also predict
that the conformational rearrangement that ensues would be relatively slow. This is
exactly what is experimentally observed. Under conditions of treatment of C3 and
C4 with methylamine that lead to half-times for the nucleophilic scission of the
thioester of ~5 minutes and ~2 minutes respectively for C3 and C4, ~90 minutes
and ~15 to 21 minutes, respectively, are required for 50% completion of the spec-
troscopically monitored conformational change on the route to the final C3b-like
and C4b-like conformational states.’**° Within the respective “d” regions, these
conformational states are presumably equivalent to the thioester-open conformations
visualized in the crystal structures of C3d and C4Ad. The replacement of C3d Phe
76 in C4d by the somewhat more polar residue Trp (Trp 1050), as well as the
decreased surface area of the patch in C4d due to the burial in the molecule’s core
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of Phe 1280, are both factors that may diminish the strength of the interdomain
interactions at the interface and thereby account for the more rapid conformational
transition observed in the case of methylamine-treated C4.

D. C3d aNnp C4d HAVE VERY DIFFERENT SURFACE CHEMISTRIES

Although to this point we have focused a lot of attention on the general structural
similarities between C3d and C4Ad, one area in which they are quite distinct is in
their respective surface chemistries. This is best appreciated in molecular surface
representations colored for electrostatic potential and these views are provided as
supplemental figures (Figure 5.7a to d) on the CD accompanying this volume. Since
it is important for the functional studies to be described in Section III of this chapter,
a monochrome image comparing the respective concave surfaces of C3d and C4Ad,
and shaded for electrostatic potential, is presented in Figure 5.7. A striking feature
of the C3d image is the presence of a diagonal swath of acidic residues (mid-grey
shading) extending from Glu 166 on the left, through the depression, with Glu 160
extending down into it, and then up the other side through residues Glu 37 and Glu
39 on the right side of the rim. By contrast, the comparable regions of C4Ad are

C3d C4Ad

FIGURE 5.7 Molecular surface images representing the concave face of the structures of
C3d (left) and C4Ad (right). Surfaces are colored for electrostatic potential: dark-grey rep-
resenting a positive charge and mid-gray a negative charge. Labeled are the surface-exposed
residues in C3d, which according to mutagenesis data are involved in interactions with CR2.#
Also denoted in the right panel are the surface-exposed and proximately located polymorphic
residues S1157, A1188 and R1191 of C4Ad, which in this case represent the antigenic
determinants for Chl, Ch6, and Ch3 alloantibodies. All molecular surface images were
produced using GRASP.”* (Adapted from JM van den Elsen, et al. J. Mol. Biol.,
322:1103-1115, 2002. With permission.)
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more neutral, or in the case of the center of the depression, quite basic (dark shading).
Also denoted on the concave surface of C4Ad is a cluster of residues that contribute
the major Chido (Ch) or alternative Rodgers (Rg) alloantigenic epitopes. Residues
1188 and 1191 contribute the Ch1 (A1188, R1191) or Rgl (V1188, L1191) epitope,
residue 1157 contributes the Ch6 (S1157) or Rg2 (N1157) epitope and S1157, A1188
and R1191 in combination form the Ch3 epitope.® Residue 1054 on the convex
surface (see Figure 5.2B) is also a Ch/Rg polymorphic site that is either Gly (Ch5)
or Asp (sometimes referred to as “Rg3,” although formally, no alloantiserum of this
specificity has been reported). In general, Rg- and Ch-determining amino acids
segregate with the C4A and C4B isotypic segments, respectively, the exceptions
being C4A1 and C4B5 that display so-called reversed Ch/Rg antigenicity. Due to
the history of the construction of the parent C4A cDNA,*' C4Ad somewhat mimics
C4Al in that it possesses the C4A isotype-defining segment '"""PCPVLD as well
as the “Rg3” polymorphism, but also possesses determinants for Ch1, Ch3, and Ch6.
At present, there are no known consequences to the functionality of C4 that are
determined by the Ch/Rg antigenic determinants.

Another surface showing striking differences between C3d and C4Ad is that
corresponding to a side of the molecule which contains the likely projection of
the 24 residue insertion loop (S1213-P1236) for which there was no electron
density. The dominant feature of the C4Ad surface is a large acidic patch above
where one would expect the NH,-terminal-most segment of the missing loop to
project. The equivalent region of C3d is largely neutral or even basic (see Figure
5.7d on CD). We believe that the acidic patch on this side of C4Ad may play a
role in classical pathway C5 convertase assembly. Specifically, in the classical
pathway C5 convertase complex, C3bC4bC2a, there is normally an ester bond
formed between the C3b and C4b subunits in which the thioester carbonyl of C3
is the acyl donor. Far from being a random transacylation process to any hydroxyl
group in C4b, the transacylation occurs specifically to the side chain hydroxyl
of Ser 1217,%? this residue being the fifth residue from the NH, end of the missing
loop of C4Ad. This strongly suggests that the loop segment, and quite likely this
entire face of the C4d molecule, is surface-exposed within the parent C4b mol-
ecule. The surface representation of the convex face of C3d outside of the thioester
region conserved patch reveals the existence of several clusters of basic residues
(see Figure 5.7a on CD). The opportunity for charge complementarity between
basic residues of C3d next to its covalent-binding site with the acidic patch on
the side of the a—a six-barrel above the insertion loop may pre-position the C3d-
resident acylimidazole intermediate for transacylation specifically onto C4b Ser
1217. Such noncovalent interactions appear to be sufficient to maintain a stable
and functional C3bC4b subunit of the classical pathway C5 convertase as pre-
venting covalent bond formation through mutation of Ser 1217 had little effect
on the C5 binding and cleavage ability of the C5 convertase.*?
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I1l. FUNCTIONAL STUDIES PROMPTED BY
STRUCTURES OF C3d AND C4Ad

A. IpenTiFIcATION OF C3d ResiDues EssenTiAL FOR BINDING TO CR2

CR2 is a member of the regulators of complement activation family whose extra-
cellular region consists of multiple short consensus repeat (SCR) domains; 15 or 16
depending on splice site usage in a particular cell type. However, a number of
different protein engineering approaches have established that the binding of its
complement fragment ligands, iC3b, C3dg, or C3d, requires only SCR domains 1
and 2.5 By contrast, binding of these ligands did not occur to chimeric molecules
in which either SCR1 or SCR2 of CR2 was replaced with a homologous domain
from CR1, thereby strongly suggesting the involvement of both domains in the
binding.** Additionally, peptide segments derived from both SCR1 and SCR2 were
shown to be inhibitory to the binding of iC3b to CR2.4

As mentioned earlier, one of our prime motivations for determining the structure
of C3d was the hope that it might suggest a candidate CR2 binding site for us to
test by site-directed mutagenesis. There were several reasons why the negatively
charged pocket on the concave surface of the C3d molecule (Figure 5.7 and Figure
5.7b on CD) was considered to be such a candidate site.3! First and foremost, the
known ionic strength dependence of the interaction?**’ suggested that we should be
looking for a surface with the potential to form ionic interactions and the large
number of acidic residues in and around the depression on the concave surface fit
this criterion well. Although no structure for the first two domains of CR2 was
available at the time, we were also swayed by the fact that a homology model based
on the coordinates of fH SCRs 15-16 suggested that there were fairly extensive
electropositive regions in each of SCRs 1 and 2 of CR2 that might be involved in
mediating complementary charge interactions.! Moreover, these modeled electro-
positive patches encompassed the two peptides that had been reported to inhibit the
iC3b—CR2 interaction.*® A molecular surface rendering of a subsequently published
crystal structure of SCRs 1 and 2 of human CR2* has confirmed the electropositive
charge features of the homology model. Two other pieces of circumstantial evidence
entered into our logic. First, in order not to be sterically hindered, the binding site
on C3d for CR2 should be remote from the site of covalent attachment and the
concave surface was indeed on the opposite end of the o—a six barrel from the
thioester-forming residues. Second, although they are not sequence homologues of
C3d, the glycosidase and farnesyl transferase molecules that share the a—a six-barrel
fold with C3d all use the depression on their concave surfaces to bind their
substrates.33-3

We# targeted for alanine scan mutagenesis 17 essentially fully exposed residues
lying within, or adjacent to, the boundaries of the negatively charged pocket visu-
alized in the electrostatic surface rendition of the concave face of C3d (Figure 5.7
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FIGURE 5.8 Bar graph summary of the relative CR2-binding activities of mutant forms of
iC3b determined in a quantitative rosette assay involving iC3b-coated red cells and CR2-
bearing Raji B cells. The mutations listed all involve exposed residues lining the predomi-
nantly acidic pocket on the concave surface of C3d. The percentage of wild-type activity was
calculated from the displacement relative to the wild-type curve of the pseudolinear portion
of a plot of percent of rosette formation versus log relative amount of iC3b per red cell, where
the latter was determined using a radioactive anti—C3 antibody-binding assay. The error bars
represent the range of results observed in minimally two and usually three completely inde-
pendent experiments. (From L Clemenza, DE Isenman. J. Immunol., 165:3839-3848, 2000.
With permission.)

and Figure 5.7b on CD). The mutations were done in the context of the intact C3
molecule, the mutant proteins were expressed in COS-1 cells and the recombinant
material was then used to build sheep red cells bearing variable amounts of wild-
type or mutant iC3b, where the relative amount of iC3b per cell was determined
using a radioactive anti-C3 antibody. These iC3b-bearing cells were then used in
quantitative rosette assays with human Raji B lymphoblastoid cells that bear CR2,
but no other complement receptor. Figure 5.8 presents the bar graph summary of
the relative CR2-binding activity of the various mutant iC3b molecules.*® These data
identified two clusters of residues whose mutation gave rise to significant effects on
CR2-binding capability. The largest effects were seen within the 160s cluster where
the single-residue mutants D163 A (or its isosteric amide equivalent D163N), [164A,
and E166A had lost at least 90% of their respective CR2-binding activities relative
to wild-type iC3b. Mutant E160A, where the glutamate side chain protrudes into
the cavity in the case of the wild-type molecule, also shows three- to fourfold
diminished binding activity. The importance of the overall negative charge in this
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region was dramatically indicated by the K162A gain of function mutant. Indeed,
there is evidence that it is the net negative charge on this part of the surface that is
the dominant effect as in the absence of the positive charge from the side chain of
Lys162, the previously crucial Asp 163 becomes partially dispensable. Lying on a
diagonal, but on the other side of the depression from Glu 160, are residues Glu 37
and Glu 39 whose individual or combination mutations give rise to a significant loss
in CR2-binding. On a per residue basis, however, the defects induced by mutation
within the D36-E39 cluster were less drastic than those seen in the 160s cluster of
residues. The location of the above-mentioned residues, which cause defects in CR2
binding, are indicated on Figure 5.7 (and Figure 5.7b on CD).

The results described above were corroborated by several additional experimen-
tal approaches. First, it was confirmed that there was no impairment for any of the
mutants in the generation of the iC3b ligand by factors H and I, something that had
to be considered because of the existence of a binding site for fH within C3d.3%>!
Second, although we* and others3 had established that iC3b and C3dg (or C3d)
behaved as equivalent ligands for CR2 in rosette inhibition assays, since our muta-
tions were guided by structural information on C3d, but the functional studies used
iC3Db as the ligand, it was important to rule out effects of the mutations on possible
contacts with the C3c portion of the molecule as an artifactual source for the observed
defects in CR2-binding activity. Accordingly, a subset of the mutants, including all
of the severely compromised ones and several uncompromised ones as controls, was
also assessed in quantitative CR2 rosette assays after conversion of the red cell-
associated ligand to C3dg using soluble CR1 as the fI cofactor. The results using
C3dg as the ligand largely mirrored those obtained with iC3b, the one exception
being that the defect for the E166A mutant was less severe in this assay and now
comparable to that seen in both assays for the E160A mutant. Third, the results were
also confirmed using an assay in which the binding of a soluble bivalent form of
CR2, consisting of only its first two SCR domains fused to an IgG heavy chain, was
assessed using red cells bearing wild-type and mutant iC3b. Since this assay was
less prone to avidity effects than the direct rosette assay, single mutants such as
E37A, which in the rosette assay displayed only a twofold defect, showed minimal
binding activity in this assay. By contrast, mutants such as D36A and E167A, which
showed no defect in the rosette assay, showed wild-type behavior in the soluble CR2
binding assay as well. The gain of function effect of the K162A mutation was also
confirmed in the assay using soluble CR2. Finally, subsequent to the publication of
the above-described experiments,* we assessed the ability of cyclic peptides based
respectively on the 160s cluster and the 36-39 cluster sequences to inhibit rosette
formation between iC3b-coated red cells and CR2-bearing Raji cells. The positioning
of the intramolecular disulfide bonds in the cyclized peptides was guided by the C3d
structure and was an attempt to stabilize inherent secondary structure elements. The
data from this experiment (L. Clemenza and D.E. Isenman, unpublished data) are
shown in Figure 5.9, and they further corroborate the results obtained via the site-
directed mutagenesis approach. Specifically, the cyclic peptide mimetic of the 160s
cluster of residues (peptide II) is a considerably stronger inhibitor of rosette forma-
tion than is that encompassing the 36-39 segment (peptide I). The specificity of the
interaction is indicated by the major loss in inhibitory capacity of mutant versions
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FIGURE 5.9 Concentration-dependent ability of disulfide-bond-cyclized peptides to inhibit
rosette formation between wild-type iC3b-coated red cells and CR2-bearing Raji B cells. The
peptide sequences are based on the C3d E160-E166 and D36-E39 clusters which were shown
to be important by site-directed mutagenesis.* Peptide I is based on the wild-type 160s cluster
sequence and peptide I-mut contains two amides for acidic substitutions and an Ala for Ile
substitution. Peptide II is based on the 36-39 wild-type sequence and peptide II-mut contains
two acidic to amide substitutions. The upper dashed line represents the percent of rosette
formation in the absence of any inhibitory peptide, and the lower dashed line represents the
level of residual rosette formation in the presence of 1 uM of the authentic ligand C3d as a
positive control fluid phase competitor. (L. Clemenza and D.E. Isenman, unpublished data.)

of the respective peptides (peptide I-mut and II-mut, sequences given in Figure 5.9)
in which two of the negatively charged residues were substituted for by their isosteric
amides and in the case of the 160 cluster mimetic, the 1164A substitution was
also made.

The cumulative evidence from the above-described experiments made us rea-
sonably confident that we had identified a major, although not necessarily the only,
contact site in C3d for SCRs 1 and/or 2 of CR2. We were aware that Michael Holers
(Denver, CO) and his collaborators were attempting to obtain structural information
not only on a soluble CR2 fragment consisting of SCR domains 1 and 2 (CR2
SCR1-2), but also of this fragment in complex with C3d. This group reported an
x-ray cocrystal structure of the CR2-C3d complex in June 2001.5* Much to our
shock and dismay, the CR2—C3d interface visualized in their structure did not involve
either of the two predominantly acidic patches of C3d that our biochemical studies
had suggested. In fact, no interaction whatsoever was observed with any part of the
concave surface of C3d. The reader is referred to the next chapter of this volume
for details on the structure, but in order to make some points about features of the
structure that were both unusual, and in some cases inconsistent with other data in
the literature, a schematic of the PDB file (1GHQ) is presented in Figure 5.10 in
which the locations of the 160—166 and 3639 clusters of acidic residues are indi-
cated for reference. The paragraphs below are an attempt to rationalize what at face
value is complete noncongruence of the biochemical and structural data on the
localization of the CR2 binding site in C3d.
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FIGURE 5.10 Schematic diagram representing the x-ray crystal structure®® of the complex
between complement receptor 2 (CR2) domains 1 and 2 and the C3d fragment of complement
component C3 (Protein Data Bank submission 1GHQ). Shown is the “crystallographic dimer”
of two CR2 SCR 1-2 monomers, one of which is binding a C3d molecule. Highlighted are
the positions of thioester-forming residue Q20 of C3d and residue N170, the sole C3d side
chain contacting SCR2 of CR2. The location of the clusters of acidic residues 160-166 and
36-39 (located on the concave face of the C3d molecule) is indicated as a point of reference.

As can be seen in Figure 5.10, the site of contact with C3d is on a side face of
the molecule. When viewed from the perspective of Figure 5.7, which denotes the
putatively crucial contact residues identified in our biochemical studies, the co-
crystal contact site is located just up and over the rim of the concave surface in the
vicinity of Glu 166. However, the contact is only with SCR2 of CR2. This was very
surprising since, as outlined at the beginning of Section III. A, there was experimental
data in the literature from independent studies indicating the involvement of both
SCR1 and SCR2 in the CR2-binding interaction with C3dg or iC3b. A second
surprising feature of the structure was that the CR2 domains formed a head to head
dimer having a significant interface between opposing SCR1 domains. However,
analytical ultracentrifugation studies of the same soluble CR2 fragment used in the
cocrystal study indicated that it was a monomer in solution under a fairly broad
range of protein and salt concentrations.>* Moreover, an independent crystal structure
of CR2 SCR 1-2 on its own confirmed that the molecule was monomeric.*® Obvi-
ously, if the SCR1 domain is tied up in a nonphysiologically relevant dimer interface,
then this domain may be prevented from manifesting its “normal” binding interaction
with C3d.

A third surprising feature of the structure was the acute angle between SCR1
and SCR2 within each monomer. This gives rise to a V-shaped entity (see Figure
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5.10), that is stabilized by fairly extensive side-to-side interactions between SCR1
and SCR2. Such interactions have not been seen in other x-ray or NMR structures
of multiple SCR-containing proteins or fragments and other data in the literature
pertaining directly to the CR2 SCR 1-2 fragment suggest two reasons why the V-
shaped entity observed may be nonphysiologic. First, sedimentation velocity mea-
surements of the CR2 SCR 1-2 molecule yielded an s,,,, value and a frictional ratio
that together were most consistent with the molecule adopting an extended shape
in solution.’* Second, the Prota et al.*® x-ray structure study presents evidence that
the interactions between the SCR1 and SCR2 domains, which they observe as well,
are probably a deglycosylation artifact. These authors argue that the side-to-side
interactions could not occur in a normally glycosylated molecule due to there likely
being severe steric clashes between a normal length carbohydrate chain originating
from N107 (N108 of Szakonyi et al.™® numbering) of SCR2 and residues at the base
of SCR1. They propose that this would force the two domains into an extended
conformation, which is consistent with the hydrodynamic studies, and would there-
fore provide an opportunity for SCR1 to contact the C3d molecule.

Despite the well-established sensitivity of the CR2—C3dg/iC3b interaction to the
salt concentration in the medium,?47* the C3d—CR?2 interface visualized in the co-
crystal structure showed no classical salt bridges between the molecules.’ In fact,
other than the side chain of C3d Asn170, which contacts the side chain of CR2 Tyr
81, all of the other side-chain and main-chain interactions of CR2 origin are to C3d
backbone carbonyl oxygen atoms, sometimes through bridging water molecules.
The most extensive interaction network of hydrogen bonds is between the presum-
ably positively charged side chain of CR2 Arg 84 and a series of four backbone
carbonyl oxygen atoms at the COOH-terminal end of C3d helix 5, a contact system
which does have some of the characteristics of an ionic interaction due to the dipole
moment of the a helix. However, whether this, and a couple of other pseudo-ionic
H-bond interactions, can explain the quite severe drop-off of affinity as salt concen-
trations approach the physiological range is a debatable matter.

Although Szakonyi et al.>® report that the buried surface area of the CR2-C3d
interface is 1400 A2, Prota et al.*8 have recalculated it to be only 790 A2 and point
out that this is surprisingly small for an affinity that is minimally in the 100-nM
range, albeit at one-third physiologic ionic strength.>* Once again, this suggests that
there may be more to the CR2—C3d interface than what is apparent in the cocrystal
structure. A related issue is that analytical ultracentrifugation measurements on the
complex yielded a molecular weight of ~50,000, in good agreement with the theo-
retical molecular weight for a 1:1 stoichiometry.>* However, if the crystallization
conditions promoted dimerization between SCR1 domains, and further if the only
contacts with C3d were through SCR2, why is there no electron density for a second
C3d molecule in the asymmetric unit? Could it be that under the conditions of
crystallization even the contact that is seen was on the “knife edge” of stability
because of the relatively small buried surface, leading essentially to having only
50% saturation of C3d-binding sites?

Szakonyi et al.® reported that mutation of Asn 170, the sole C3d side chain
making contact with CR2 SCR2, to Arg or to Ala, the latter in the combination
mutant N170A/I115R/L116R, results in a substantial loss in CR2-binding function.
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We (L. Clemenza and D.E. Isenman, unpublished data) can confirm that in the
quantitative rosette assay an N170A mutant derivative of iC3b is defective in CR2
binding, but the level of the defect (25% to 30% residual activity) is commensurate
with that seen in the E160A mutant, that is, the least compromised of the residues
implicated in the 160s cluster (see Figure 5.8). The Denver group has recently
reported in published meeting abstracts>>* that mutation to alanine of the CR2 Arg
84, which according to the cocrystal structure should be the residue of central
importance on the CR2 side of the interface, results in only a twofold loss in C3d-
binding activity. Even more surprising, was that mutation of CR2 Arg 14, located
in SCR1 and thus showing no contact with C3d in the cocrystal structure, gives
rise to a comparable decrease in C3d-binding activity. Interestingly, this residue
lies within one of the peptide segments that had previously been shown to inhibit
the CR2-iC3b interaction.*® Additionally, recent hydrodynamic data on the
C3d—CR2 SCR 1-2 complex suggest that the two SCR domains adopt an extended
conformation in the complex.’” Thus, there now seems to be general agreement
that the crystal structure of the C3d—CR2 complex represents an incomplete view
of the physiological binding situation. It will probably require the good fortune of
obtaining a different crystal packing form of the complex, perhaps using a three-
or four-domain CR2 fragment to hopefully impede some of the apparently non-
physiologic contacts seen in the present cocrystal structure, to finally clarify the
molecular details of this immunologically crucial interaction. Besides the x-ray
crystallography approach, a solution structure by NMR of at least the CR2 SCR1-2
fragment should be attainable and this should help clarify the issue of the relative
orientation and flexibility between the two domains and therefore whether they are
both available for contact with C3d. Finally, the best hope of resolving the present
state of conflict between the structural and biochemical data may be an NMR
solution structure of the ~50-kDa C3d:CR2 SCR1-2 complex, or at least informa-
tion about relative domain orientation and regions of contact in the complex that
may be reconciled within the context of the current structures for the individual
domains of the complex. Although contemplation of such structural information
on a 50-kDa complex would previously have been thought to be beyond the size
limitations of the NMR approach, recent technological developments suggest that
it may well be within the range of current capability.>®

B. Does C4d Bino to CR2?

Occasionally one encounters in the literature reference to the possibility, or some-
times a direct statement, that C4d binds to CR2 (e.g., Carroll*®). This is no doubt
due to an extrapolation from the fact that C3b and C4b are homologues and that
they both bind to the structurally related receptor CR1. However using our recom-
binant C4Ad and C4Bd fragments, we have determined that there is in fact no
measurable binding interaction between CR2 and C4d of either isotype.*? This
observation may be reconciled in terms of structural differences between C3d and
C4d at either the biochemically identified contact area for CR2 on the concave
surface of the molecule, or the side-face contact site identified in the C3d-CR2 co-
crystal structure.
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As mentioned in Section II.D, the concave surfaces of C3d and C4Ad have very
different electrostatic surface potentials. Indeed, the negatively charged diagonal
swath on this surface of C3d, implicated as mediating in part the C3d—CR2 inter-
action, is largely neutral or basic in C4Ad (Figure 5.7 and Figure 5.7b on CD).
Given that the loss of even a single acidic residue on this surface of C3d can lead
to the near complete abrogation of CR2-binding activity, it is completely under-
standable that with the loss of so many of these acidic groups that C4d would not
bind to CR2.

The distribution of charged and neutral areas on the side face of C3d implicated
as a contact surface in the C3d—CR2 cocrystal structure is also very different from
the equivalent face of C4Ad (see Figure 5.7c on CD). Additionally, due to an
insertion, the NH,-part of helix 7 in C4Ad is extended relative to the equivalent
helix of C3d (see Figure 5.4). The consequence of this is that the side chain of Gln
1147, the C4d equivalent of Asn 170, which you will recall is the sole C3d side
chain contacting CR2 in the cocrystal structure and whose mutation results in loss
of binding activity, is in a substantially different orientation from that of C3d Asn
170 and thus would be unavailable for the comparable contact with CR2 Tyr 81.%
Additionally, there is enough of a nonsuperposition of the backbone carbonyls at
the COOH-terminal ends of the respective helix 5 segments that the seemingly
crucial network of hydrogen bonds between this part of C3d with the side chain of
CR2 Arg 84, interactions that form a pseudo-ionic bond, would, at a minimum, be
less extensive with C4d.

C. INTERACTION OF C4Ab ANnD C4Bb witH CR1 anD Its
IMPLICATIONS FOR ETiOLOGY OF SYSTEMIC Lupus
ERYTHEMATOSUS — A CONTROVERSY WITHIN A CONTROVERSY

In humans there is a 75% prevalence of the autoimmune/immune complex disease
systemic lupus erythematosus (SLE) with complete deficiency of C4 (reviewed in
Pickering et al.%), this disease penetration factor being second only to that seen for
complete Clq deficiency, where the prevalence is 93%. Interestingly, there is no
correlation of SLE with C3 deficiency in either the clinical data® or in mouse C3
knockout models,®' but this may be due to the almost complete absence of potential
for any complement-mediated inflammatory manifestations of the disease. As indi-
cated earlier in this chapter, the C4A and C4B isotypic variants of C4 are normally
both present in any given individual. Although complete C4 deficiency is very rare,
homozygous deficiency states of either C4A or C4B are not, occurring with fre-
quencies of 4% and 1%, respectively, in healthy white individuals.®® There have been
numerous reports, spanning two decades, of an association of complete, or even
partial, C4A, but not C4B, deficiency states with increased risk for SLE.%>7° Since
the association of C4A null alleles and SLE transcends ethnic boundaries, it is not
readily attributable to the association of the C4A null allele with an extended MHC
haplotype. Nevertheless, this area remains controversial because, although far less
numerous than those supporting the correlation, there have also been credible reports
finding no correlation of increased risk for SLE with C4A deficiency states in their
particular SLE patient cohorts.”"-”
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Assuming that at least for some ethnic populations SLE is indeed associated
with C4A deficiency states, there have been two nonmutually exclusive hypotheses
proposed to explain the correlation. Based on experiments in mice having knockouts
of either the C4 or the CRI/CR2 genes (in the mouse, but not humans, CR1 and
CR?2 are encoded by the same gene), C4 may have a role in the induction of tolerance
against self antigens and this may either be via the interaction of C4b-coated self-
antigen with CR1 on FDC or bone marrow stromal cells,! or alternatively, via an as
yet uncharacterized receptor for C4b or C4d.” The second hypothesis relates to the
role of the classical pathway, and C4 in particular, in the disposal of immune
complexes and apoptotic bodies, the latter containing precisely the autoantigens that
one sees antibodies against in SLE patients.® When C4b covalently binds to its
transacylation target, it provides both a subunit for classical pathway C3 convertase
formation and a direct ligand for CR1. Additionally, the process of intercalation by
C4b, and subsequently classical pathway C3 convertase-deposited C3b, into immune
complexes as they form is thought to explain the phenomenon of complement-
mediated inhibition of immune precipitation. This process is important in preventing
the trapping of immune complexes in small blood vessels, as these would trigger
inflammation. The amino group transacylation preference of nascent C4Ab accounts
for its higher efficiency, relative to C4Bb, in binding to immune aggregates,'*7+7
thereby inhibiting immune precipitate formation.””” Thus, the respective transacy-
lation nucleophile preferences of C4A and C4B may on their own account for the
association of C4A, but not C4B, deficiency states with SLE. However, an additional
factor that has been suggested to preferentially facilitate the clearance of C4Ab-
opsonized immune complexes derives from reports concluding that C4Ab has an
inherently higher affinity for CR1 than does C4Bb.”8-% Of the three reports reaching
this conclusion, the study by Reilly and Mold® was the most quantitative and they
reported that the affinity of C4Ab dimers for red cell-associated CR1 was fourfold
higher than that of C4Bb dimers. For both isotypes, dimerization was designed to
be via the liberated thioester cysteine and involved the use of a homobifunctional
maleimide cross-linker.

Since the isotype-defining residues reside within the C4d region, in order to
account for the isotypic differences in affinity for CR1, one might expect that they
either directly contact the receptor, or that they allosterically influence a contact in
another part of the C4d molecule. Intuitively, the extra proline (Pro 1101) in the
C4A isotypic sequence ('''"PCPVLD versus '""'LSPVIH for C4B) might be consid-
ered to be a good candidate for mediating such an allosteric conformational effect.
However, the crystal structure of C4Ad does not support either one of the two
possible explanations for the reported higher affinity of C4Ab for CR1. Since the
loop containing the isotype-defining residues is in very close proximity to the
covalent-binding site (see Figure 5.2B and Figure 5.5), it seems unlikely that the
isotypic residues would be accessible for direct contact with CR1. Second, as argued
above in Section II.C, the superimposability of the isotypic segment of the C4Ad
structure on the comparable segment of C3d ('*DAPVIH), which is C4B-like at its
COOH-terminus, and also lacks a proline in the first position, makes it highly likely
that the backbone structure of C4Bd will be identical to that of C4Ad. This would
then negate any conformational basis for a differential influence of the C4A and
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C4B isotypic segments on the binding interaction of the respective C4b fragments
with CR1. There remained the possibility that the reported isotypic differences in
CR1-binding activity could actually reflect differential CR1 contacts with the major
Ch/Rg determinants defined by the presence of alternate amino acids at positions
1157, 1188, and 1191. These residues are accessible on the concave face of the C4d
molecule (Figure 5.7) and the Rg or Ch polymorphisms normally segregate as a
group with the C4A or C4B isotype-defining residues. In view of the various
questions raised by the structure of C4Ad about the basis for the reported CR1-
binding differences of C4Ab and C4Bb, this issue was recently reexamined,’! using
highly purified monomers of C4Ab and C4Bb and employing complementary tech-
niques to monitor their respective binding to a soluble recombinant form of CRI1
(sCR1), surface plasmon resonance (SPR) and ELISA competition assays. As the
SPR sensorgrams for both C4Ab and C4Bb binding to biosensor chip—immobilized
sCR1 reached a steady-state plateau over a wide range of analyte concentrations, it
was possible to analyze the equilibrium phase data directly. As can be seen in Figure
5.11A, the plots of resonance units’ change (ARU, proportional to bound C4b) versus
analyte concentration (equal to the free concentration of C4b) yielded binding
isotherms that were essentially identical for C4Ab and C4Bb. Scatchard transfor-
mation of the data also yielded superimposable and essentially linear plots, indicative
of simple homogeneous binding (Figure 5.11B). Under the conditions of this exper-
iment, both isotypes of monomeric C4b displayed K, values of ~0.9 uM. As an
independent approach that was not prone to the possible surface artifacts of the SPR
technique, the ability of C4Ab and C4Bb to interact in solution with sCR1 was also
assessed in an ELISA competition assay. Here, too, C4Ab and C4Bb monomers
were found to be equipotent in inhibiting sCR1 from binding to ELISA plate-
associated mixed isotype C4b. Finally, as a more direct comparison to the earlier
Reilly and Mold study,? spontaneously formed, thioester cysteine-mediated, disul-
fide-linked dimers of C4Ab and C4Bb were purified away from monomers, and any
higher molecular weight oligomers, and assessed for binding to biosensor-coupled
sCR1. Here, too, the respective binding behaviors of (C4Ab), and (C4Bb), to CR1
were identical in our hands. Collectively, these data are in accord with the insights
derived from the structure of C4Ad and its comparison to C3d. Since the C4A and
C4B proteins employed were known to be Rg*Ch- and Rg-Ch*, respectively, one
can also rule out any role for the major Rg- and Ch-defining residues in influencing
the strength of the intrinsic binding affinity of C4b for CR1. Since we found that
isolated C4c, but neither isolated C4Adg nor C4Bdg, bound to biosensor chip-
coupled sCR1, it suggests that the major binding site in C4b for CR1 is located in
the C4c part of the molecule.’! This parallels what has been reported for C3 sub-
fragment binding to CR1.8283

Although the intrinsic affinities of C4Ab and C4Bb for CR1 may be the same,
there is one observation that we have made regarding a higher tendency of C4Ab
to oligomerize that may reconcile our results with the earlier reports indicating higher
apparent CR 1-binding activity for C4Ab.”*-% Specifically, we have observed a greater
propensity of C4Ab than C4Bb to spontaneously form disulfide-linked dimers
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FIGURE 5.11 Equilibrium-phase BIAcore™ (SPR) analysis of the binding of purified mono-
mers of C4Ab and C4Bb to biosensor-bound sCR1. ARU values were determined from the
steady state plateau regions of the sensorgrams and the values were plotted as a function of
C4Ab or C4Bb analyte concentration. The data in panel A were fit by nonlinear regression
to a single-site Langmuir-binding isotherm. The respective values of K, and ARU,,, are
shown in the inset table along with the error estimates of the fit. Panel B shows the same
data in Scatchard transformation form. The lines drawn are based on substituting into the
Scatchard equation the parameters determined in the nonlinear fit of the data. (From L
Clemenza and DE Isenman, J. Immunol., 172:1670-1680, 2004. With permission.)

following C1s activation. Moreover, it has been our experience that C4Ab has the
unique ability to form higher disulfide-linked oligomers. We attribute these obser-
vations to the fact that for C4Ab, but not C4Bb, there are two surface-exposed free
sulfhydryl groups immediately following C 1 s activation, one from Cys 991 liberated
upon thioester cleavage and the second from isotypic residue Cys 1102 (see Figures
5.2 and 5.5 for their location). The presence of such oligomers of C4Ab as even a
small proportion of the preparations used in the earlier studies on CR1 binding would
confer an avidity advantage to this isotype. Moreover, if the preferential oligomer-
ization process for C4Ab were to also occur in vivo following the covalent-binding
event, the higher avidity for CR1 of the secondarily formed C4Ab multimers on the
opsonized targets could work in concert with the covalent-binding preference for
amino group nucleophiles to assist in the CR1-mediated disposal of immune com-
plexes, and apoptotic bodies. These combined effects may both factor into the
apparent protective activity of C4A with respect to risk for SLE seen in at least
some ethnic populations.
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IV. CONCLUDING COMMENTS

The “divide and conquer” approach to structure determination has been successful
in obtaining high-resolution structures for what are arguably the core elements of
C3 and C4. The C3d and C4Ad structures have not only provided structural support
for the biochemically deduced covalent-binding mechanism, but they have also
prompted new functional studies that would not have been otherwise obvious to do.
Other structure-guided projects aimed at identifying the sites within C3d responsible
for mediating the interactions of this fragment with factor H>' and factor B®3 are in
progress. Preliminary reports from our own work3?* and from the lab of Ron Ogata
(San Diego, CA)® have confirmed an earlier suggestion in a bioinformatics study?®
that the COOH-terminal-most ~150 residues of the C3/C4/C5 family form indepen-
dently folded domains. Since recombinantly expressed proteins corresponding to
these domains for each of C3, C4, and C5, alternatively known as NTR or C345C
domains, are of tractable size for NMR studies, structures for some of them should
be forthcoming in the near future. The “holy grail” in at least this subfield of
complement structural biology remains the elucidation of a structure for intact C3,
preferably in both its native and its C3b or C3b-like thioester-cleaved state. As
mentioned earlier, to date crystals that diffract well for any of these forms of the
intact protein have not been obtained. However, with structures available for C3d
and C4d,*-* C3a and C5a,%7#® and perhaps one of the NTR modules in the near
future, what is needed for a good picture of what all the components look like is a
structure for a larger piece of the “c” region than that represented by an NTR domain.
There are two potentially promising avenues through which this may be achieved.
First, crystals of cobra venom factor (CVF), a C3c-like entity, have been obtained
that diffract to 2.8 A.% If heavy atom derivatives can be obtained to solve the phase
problem, the structure of CVF would likely provide a credible homology model for
human C3c. Second, a very recent report suggests that it may be possible to obtain
a C3c structure directly as crystals of this fragment diffracting to 2.5 A resolution
have been obtained.” Finally, if either of the above avenues proves fruitful, not only
would there be a structural framework for all of the physiologic fragments of C3,
but it may be possible to use these structures to facilitate a molecular replacement
solution of the structure of intact human C5 for which crystals diffracting to 3.3 A
were reported in 1998.%! This would then provide the community with a structural
framework for an intact member of the C3/C4/C5 family from which further homol-
ogy models could be derived.
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SUPPLEMENTARY MATERIAL ON CD

All figures, including Figures 5.2, 5.3, 5.5, 5.6, and 5.7 in color, and their corre-
sponding captions are provided on the companion CD. In the case of Figure 5.7, in
addition to the electrostatic surface potential renderings comparing the concave faces
of C3d and C4Ad present in the monochrome version of the figure, and which
correspond to Figure 5.7b on the CD, there are similar comparisons for the convex
faces (panel a) and for two side faces (panels ¢ and d). CD Figure 5.7c represents
the surface implicated in CR2-binding by CR2-C3d cocrystal structure. CD Figure
5.7d represents a 180° rotation of the views seen in panel c.
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I. INTRODUCTION

A. Receptors RecoGNizING iC3b/C3dg/C3d ActivaTioN
FRAGMENTS OF C3 TRANSMIT COMPLEMENT-DERIVED SIGNALS
10 CELLS

Activation of complement component C3 by any of three initiation pathways (clas-
sical, alternative, and lectin) leads to cleavage of this molecule with generation of
the biologically active fragments C3a and C3b. C3b and its further sequential
cleavage fragments, iC3b and C3dg/C3d, are ligands for complement receptors 1
and 2 (CR1 and CR2) and the $2 integrins, CD11b/CD18 (CR3) and CD11c¢/CD18
(CR4), which are present on a variety of phagocytic and immune accessory cells.!-

CR2, the topic of this particular chapter, acts as a B-cell co-receptor for antigen
receptor-mediated signal transduction that results in markedly enhanced cellular
activation. On B-cell lines or primary B lymphocytes, coligation of CR2 with surface
IgM and/or IgD, using either monoclonal antibodies (mAbs),””'? covalently linked
complexes of antigen with C3d ligand,'* gp350/220 complexed with anti-IgD,'* or
biotin-conjugated C3dg complexed with biotinylated anti-IgM' results in enhanced
intracellular calcium release, proliferation, activation of MAP kinases, and/or stabi-
lization of the surface IgM-signaling complex in lipid rafts.'® This activity is pri-
marily due to the association of CR2 with CD19 and CD81 in a B-cell specific
signal transduction complex.!”!® CD19, in contrast to CR2, has a long intracytoplas-
mic tail that is tyrosine phosphorylated following antigen receptor ligation and serves
as a target for, as well as activates, other signaling molecules.!-?*

B. RoLe or CR2 IN ADAPTIVE IMMUNE RESPONSE

Support for a critical role of CR2 in the immune response has been provided by
results in mice that are deficient in CR2/CR1. In mice, CR2 is encoded along with
the larger receptor CR1 by the Cr2 gene, which produces both proteins through
alternative splicing of a common mRNA.?#?> CR1 adds the capacity to interact with
C4b-bearing targets.? Cr2-/- mice demonstrate substantial defects in antigen-spe-
cific, T-dependent humoral immune responses?’-%° as well as defects in B-cell mem-
ory.3%3! The defect in T-dependent antigen responses in CR2/CR1-deficient mice is
due to a lack of receptor on both B cells and FDCs.3233 Other studies have also
shown that CR2/CR1 plays important but as yet poorly defined roles in antigen
presentation,*3> T-cell responses?®*7 and mast cell activation.?®

C. ArpPrOPRIATE ExPRESSION AND FUNCTION OF CR2 Is NECESSARY
TO PREVENT AUTOIMMUNITY

In addition to amplifying adaptive immune responses to foreign antigens, several
studies have suggested that CR2 and/or CR1 also play a role in maintaining B-cell
tolerance to self-antigens. These activities are likely to be related either to antigen
capture in the bone marrow or to enhancing signaling of self-reactive B cells that
normally results in B-cell anergy or deletion, and in the absence of CR2 allow escape
of self-reactive cells.’*#0 Altered expression of human CR2 in patients with systemic
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lupus erythematosus (SLE)*“#? and mouse models of SLE** further suggest that
this function of CR2 may be pathophysiologically important. In addition, identifi-
cation of a functionally altered polymorphic mutant of CR2 in a murine model of
SLE that is further discussed below provides support for this important role.*

D. CR2 anD NATURAL Abs

Natural Abs are produced primarily by B-1 cells, which are found mainly in the
peritoneum. Natural Abs are frequently found to be polyreactive at low affinity with
multiple self-antigens.*~° However, natural antibodies are also an important part of
the defense against infection, and their presence has been found to be essential for
protection against challenge with bacterial®® and viral>'>? pathogens, as well as to
play an important role in the clearance of endotoxin.>* Other studies have suggested
that natural Abs are important to recognition of apoptotic cells,** oxidized LDL,>
and nuclear or cytoplasmic components.*®

CR2 has been potentially linked to the regulation of B-1 cell-derived natural
Abs by the observation that in an intestinal ischemia-reperfusion injury dependent
on natural antibody initiation following the exposure of neoepitopes, Cr2-/- mice
are protected from injury.’%5’ Reconstitution of injury following transfer of serum
IgM and IgG from Cr2+/+ to Cr2-/- mice shows that this defect is due to develop-
ment of the B-cell natural Ab repertoire and not to direct effects of receptor activation
in target tissues.

E. CR2 ExHiBits MuLTIPLE RECEPTOR—LIGAND INTERACTIONS

In addition to iC3b and C3dg/C3d, CR2 also interacts with several other ligands.
One of the most important is the Epstein-Barr virus (EBV). EBV is a causative agent
in infectious mononucleosis (reviewed in Cohen’®), African Burkitt’s lymphoma>
and post-transplant lymphoproliferative diseases.®® EBV is also linked to a wider
array of tumors including nasopharyngeal carcinoma’' and Hodgkin’s disease, as
well as autoimmune diseases such as rheumatoid arthritis,®> SLE,%3%* and multiple
sclerosis.%

The critical role of CR2 in EBV infection is shown by experiments in which
treatment of B-lymphocytes by anti-CR2 mAbs or soluble CR2 can block infection,
immortalization, and in vivo outgrowth in a SCID model of EBV-induced lympho-
proliferative disease.®® Conversely, expression of recombinant CR2 in non-B cells
can transfer EBV binding and short-term infection.®”-%® More recently, it has become
understood that EBV infection also requires human Class II as a co-receptor,” in
part through binding of EBV gp42 as part of a gH and gL complex.”

CR2 is also a receptor for human CD23.7!72 CD23 is an immunoregulatory
protein found both on cell membranes and as a soluble protein that interacts with
CR2 to increase production of IgE in the presence of IL-4,7 rescue germinal-center
B cells from apoptosis,”? promote T- and B-cell adhesion,’* and provide T-cell
activating signals by B-cell antigen-presenting cells.”

Finally, there is one report of CR2 serving as a receptor for interferon-alpha
(IFN-a), likely in a site within short consensus repeats (SCRs) 1-4.7° This is a
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molecule of rapidly increasing interest in the field of human SLE,”” but the relation-
ship of this ligand to the potential immunoregulatory role of CR2 in SLE is unknown.

CR2 on B cells serves an intriguing additional function as a preferential site for
covalent attachment of C3 fragments generated through the alternative pathway when
iC3b binds to the SCR1-2 domain.” The biologic importance of this observation is
unclear, although the role may in part be to enhance adhesion of B cells with CR2-
attached C3 fragment to CR2-expressing T cells.*! Relevant to this proposal, the
activated C3 fragments are apparently bound to SCRs within the mid-portion of the
molecule.®

Il. APPROACHES TO UNDERSTANDING CR2
STRUCTURE-FUNCTION RELATIONSHIPS

A. GENERAL FEATURES OF CR2 STRUCTURE

CR2 is a type I transmembrane protein of ~145 kDa, comprised of 15 or 16 SCRs
followed by a 28 amino-acid transmembrane domain and a relatively short, 34 amino-
acid intracytoplasmic tail®'-%* (Figure 6.1). A soluble form of the receptor of unclear
biologic significance has also been described.®> SCRs, also known as complement
control protein (CCP) repeats, are protein modules of 60 to 70 amino acids that
comprise the majority of the structures of CR2 and other members of its extended
gene family called the regulators of complement activation (RCAs).% The 16 exons
encoding the extracytoplasmic domain of the human CR2 gene can themselves be
grouped into four large repetitive elements, each containing four SCRs. The 15 and
16 SCR forms vary by alternative splicing of a single exon.?'¥” A comparison of
human and mouse CR2, as well as other closely related genes, has clearly shown
that these proteins have evolved by gene duplication and unequal crossing-over
events.®

Expression of the 16 SCR form of CR2 was initially reported to be primarily
restricted to FDCs.* This form is generated by alternative splicing of a single exon
within the CR2 gene.?! This observation has led to the hypothesis that the 16 SCR
form has unique activities, perhaps related to FDC-B-cell interactions.®® However,
other studies have shown that the 16 SCR form is also expressed on B cells,” and
in the mouse genome there is no exon encoding this particular SCR? (V.M. Holers,
unpublished data). Thus, there is no clear understanding of what functional differ-
ences might be imparted by the addition of the extra exon, or whether this SCR
results in changes in overall conformation of the protein.

B. MUTAGENESIS AND DELETION ANALYSIS

Initial structure—function studies using mutagenesis and deletion of nonfunctional
domains demonstrated that the SCR 1-2 domain of CR2 is both necessary and
sufficient to mediate high-affinity interactions with C3d°!*? and that this domain also
interacts with EBV gp350 and CD23 in overlapping but nonidentical sites.”! The
relationship of these interactions to the putative IFN-a-binding site has not been
studied.
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FIGURE 6.1 Modular representation of the 15 SCR form of human CR2 and its ligand-
binding sites. Each SCR domain consists of 60 to 70 amino acids that are compactly folded.
Immediately after the last SCR lies a transmembrane sequence of 24 amino acids followed
by an intracytoplasmic domain of 34 amino acids. Two amino-terminal SCR domains (SCR1
and 2) are responsible for the binding of iC3b, C3dg, C3d, and EBV gp350/220, and also for
the glycosylation-independent binding of CD23. A binding site for IFN-a has also been
proposed within the SCR1-4 domain. The SCR5-8 domain includes a glycosylation-depen-
dent-binding site for CD23.

Structure—function relationships that govern ligand binding to CR2 have been
studied in several laboratories. What has emerged is a consistent finding that the
high-affinity interaction with C3dg and C3d as well gp350/220 occurs in the SCR
1-2 domain.®'-1% Because CR2 appears to adopt a flexible rod shape,!®! it is believed
that this ligand binding domain is extended away from the glycocalyx so that the
receptor can interact with ligand that is bound to many types of antigens and antigen-
bearing complexes. These interactions are apparently protein—protein in nature, as
no contribution of normally present CR2 SCR1-2 glycosylation to the binding
interaction has been detected.!00:102.103

In contrast to C3dg and C3d, it is not clear whether iC3b binds just to SCR 1-2,
as supported by some studies,'* or to other sites outside of this domain as supported
by others.!%1% CD23 manifests two independent binding interactions. One is car-
bohydrate dependent and is located within SCRs 5-8, while the other is carbohydrate
independent and is also located within the SCR1-2 domain.”! These are not physi-
cally contiguous sites, being at least 50 to 100 angstroms apart if CR2 is still in a
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rod-like configuration.!®! Whether these two separate sites can be made physically
contiguous by bending or folding of CR2 during ligand interactions is not yet known,
but is likely, given the extensive flexibility manifest by other long SCR-containing
proteins of this family such as factor H.!%

Another consistent finding is that the specific binding site for each of the three
ligands within the SCR1-2 domain appears to be overlapping with but is not identical
to the others. That is because individual mutations can discriminate C3dg and EBV
binding,”' and cross-competition experiments suggest that the CD23 binding is more
closely related to the EBV site than to the C3d site.”!

C. SURFACE PLASMON RESONANCE STUDIES

The interaction of the SCR 1-2 domain, as well as longer forms of CR2 with C3dg
and C3d, have been reexamined in two separate reports using the technique of surface
plasmon resonance. In this technique, either the receptor or its ligand is bound to
the chip, and the alternate protein is in the fluid phase as the analyte. Identical results
following reversal of the protein orientation provide the most assurance of accuracy
of the results. In one study, the K, of the interaction of chip-bound C3dg with SCR
1-2 and SCR 1-15 in the fluid phase in 50 mM NaCl, pH 7.4 was 22.4 and 27.1
nM, respectively, and a 1:1 interaction model was found as the best fit.”3 In the other
study, CR2 SCR 1-15 was used either in the fluid phase or attached to the chip
using a biotinylated C-terminal tag, and purified iC3b and C3d were either used in
an unmodified form or biotinylated at Cys-988 that participates in the thioester bond
to fix them to a streptavidin chip.!% In those particular studies, the binding of CR2
with C3d and iC3b was found to be complex and not able to be modeled as a unique
interaction mode. However, differences were detected in the kinetics of the interac-
tion of CR2 with C3d as compared to iC3b, suggesting that the regions interacting
with CR2 in each molecule were either different or differentially exposed in the
experimental conditions. Consistent with the presence of additional sites for CR2
to interact with C3 outside of C3d, CR2 was found to interact with the C3c form
of C3 that does not include C3d. Importantly, in both studies a marked salt depen-
dence was found in the protein—protein interaction, with a substantially diminished
affinity of CR2 for C3dg/C3d as the NaCl concentration was raised. In one study,
pH effects were also studied, and it was found that the binding of SCR 1-2 to C3dg
substantially declined below a pH of ~6.5.%

Perhaps one of the most intriguing findings of these studies was the observation
that the binding kinetics of the SCR 1-2 domain are markedly different than the
SCR 1-15 domain when interacting with C3dg.®* While the K, for the interactions
were indistinguishable, the association and dissociation rates were both tenfold
different, with the SCR 1-15 both associating and dissociating about tenfold slower
than the SCR 1-2 domain. These differences were not due to differences in gly-
cosylation or ligand density, nor to issues such as mass transfer. Therefore, despite
the evidence that the major binding interaction is clearly within the SCR 1-2
domain, SCRs outside of the SCR 1-2 domain influence binding, either by obstruct-
ing the binding site through a folded-back conformation, through direct ligand
contacts, through a cooperativity effect, or by a combination of effects. Because
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FIGURE 6.2 Ribbon representation of the CR2—-C3d complex determined at 2.0-A resolution
(PDB accession code 1GHQ). The CR2 structure comprises 134 amino acids folded into two
characteristic SCR B-barrel domains (SCR1 and SCR2). The C3d ligand consists of 307 amino
acids folded into a distinctive o—a. barrel structure. Residue Q20 of C3d that is responsible
for covalent attachment to antigen is shown. This figure was generated using MOLMOL.!"®

of these findings, in addition to the presence of three additional relatively long,
eight amino acid-containing linkers in this membrane-proximal region, an addi-
tional CD23-binding site within SCRs 5-8, and likely sites for interaction with
iC3b, it is important to further study the role and structure of the SCR 3-15 domain
of CR2.

I1l. CR2-C3d COCRYSTAL STRUCTURE

Substantial insights into the interaction of CR2 with C3d were gained using x-ray
crystallographic analysis when the structure of the CR2 SCR 1-2 domain was solved
in complex with C3d at 2.0 A (Figure 6.2).!% The structure revealed many unantic-
ipated features: (a) only SCR2 contacted C3d and not SCR1 and SCR2 together
(Figure 6.3); (b) extensive SCR 1-SCR2 side—side packing in a folded-back structure
was held together by mainly hydrophobic interactions contributed by those domains
as well as the highly structured linker (Figure 6.4A); (c) presence of extensive main-
chain, rather than side-chain, interactions between C3d and CR2 (Figure 6.3); (d)
receptor contact sites on C3d that were not previously predicted by mutagenesis of
C3d with the underlying hypothesis in those particular studies that CR2 would bind
in a negatively charged, concave region'%®1% and (e) a CR2-CR2 dimer formed by
contacts between SCR1 of each molecule (Figure 6.5). Each of these interactions is
further discussed in Section V.
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FIGURE 6.3 Structure of the CR2-C3d interface. Shown are the detailed interactions
between CR2 and C3d. Amino acids whose side-chain and main-chain oxygen atoms and
nitrogen atoms are involved in H bonds (represented by dashed lines) with each other and
with water molecules are indicated. The numbering system used herein for CR2 is based on
the previously reported sequence for mature CR2 and differs by one residue from that used
in the original cocrystal paper. This figure was generated using MOLMOL.!"®

IV. CR2 CRYSTAL STRUCTURE

Additional insights into the structure of CR2 SCR 1-2 were provided by the sub-
sequent analysis of the structure of this domain by x-ray crystallography in isolation
without bound C3d!*? (Figure 6.4B). In that non—ligand-bound structure, SCR1 and
SCR2 were again tightly packed against each other, but the span between the two
domains was noted to be decreased by 2 angstroms as compared to the ligand-bound
structure previously reported.!%? In addition, while the same glycan in SCR2 as was
noted in the ligand-bound form was found, having been derived following endogly-
cosidase H digestion of both forms of SCR 1-2, an additional glycan was observed
near the SCR 1-2 interface in the non-ligand-bound form that was proposed as an
extended carbohydrate likely to interrupt the compacted SCR1-SCR?2 interface in
the solution phase. With that particular interpretation, the tightly packed SCR
1-SCR?2 interaction was viewed as nonphysiologic. However, no data were provided
to validate that conclusion, and the inherent flexibility of carbohydrates would likely
allow the domains to tightly interact even if it were present. With regard to the
CR2—-C3d interaction site within SCR2, the identification of local structural differ-
ences in the unliganded as compared to ligand-bound cocrystal structures favored
an induced fit model of interaction.

V. CONFIRMATORY ANALYSIS OF CR2-C3d
COCRYSTAL STRUCTURE

A. CR2 SCR1-SCR1 DIMER FORMATION

Because of the unanticipated interactions found to the present in the CR2—C3d co-
crystal structure, additional studies are underway to both confirm and refine our
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FIGURE 6.4 Packing of the CR2 SCR 1-SCR2 domains. (A) Demonstrates the folded-back
arrangement of the SCR 1-2 domains in the CR2-C3d cocrystal structure. Residues present
at the interface of the two SCR domains, and on the linker region between the domains, are
indicated. Also shown is an N-acetyl-glucosamine residue attached to N101. (B) Demonstrates
the similar side-by-side packing seen in the unbound CR2 SCR 1-2 structure (PDB accession
code 1LY?2). In this structure, an additional N-acetyl-glucosamine moiety covalently attached
to N107 and H bonded (represented by a dashed line) to the main chain oxygen atom of D56
can also be seen. This figure was generated using MOLMOL.!"°
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FIGURE 6.5 Structural model of a dimeric form of CR2 interacting with C3d on the cell
surface. (A) A surface representation of the model containing a dimer of CR2 SCR 1-2 that
binds to C3d on each receptor. The dimer contact is through SCR1 only, as seen in the crystal
structure. (B) A diagram of C3d-antigen cross-linking CR2 (as dimers) and BCR on the cell
surface. The dimer form of CR2, as opposed to the monomer, in complex with CD19/CD81
permits the cross-linking of multiple CR2 by C3d antigen to greatly increase the local
concentration of CR2/CD19/CD8]1.

understanding of this interaction and to determine how accurately this particular
structure reflects the solution phase interactions. First, with regard to the SCR
1-SCR1 dimer interface, substantial initial support for the relevance of the SCR
1-SCR1 dimer was provided when we identified a polymorphic CR2 variant in mice
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that binds C3d substantially less well, and is predicted to have a disrupted dimer
interface because of the introduction of an N-linked glycosylation site.*> This par-
ticular allele of the murine Cr2 gene appears to be the best candidate for the disease-
associated gene within the Slelc locus of the murine NZM2410 model of SLE.*
Studies are ongoing to further characterize the defect in binding and the effects of
this polymorphic variant on immunity and autoimmunity, but initial results support
the hypothesis that the introduction of the glycosylation site in mouse CR2 interferes
with C3d binding on cell membranes.!'® Thus, by analogy with these studies of
mouse CR2, it is possible that a human CR2 receptor dimer exists on the cell
membrane and is not simply a crystallographic artifact.

B. CR2-C3d INTERFACE

Importantly, although several features of the CR2—-C3d interface were not predicted
based on previous studies, several experimental approaches are being used to further
evaluate and validate the cocrystal structure. First, consistent with the cocrystal
structure, mutagenesis of C3d at the sites predicted to contact CR2 in the cocrystal
structure substantially decreased binding to CR2.!% Second, it is relevant to note
that previous unrelated studies using CR2-derived peptides to block the CR2-C3
interaction®® identified one highly inhibitory peptide that included the CR2 amino
acid sequence from the C3d contact site within SCR2 in the CR2—C3d cocrystal.
And third, a new mAb that we recently created which was the most highly inhibitory
of the new set was found to recognize a peptide derived from the CR2 portion of
the SCR2-C3d interface.!!!

On the other hand, the lack of interaction of SCR1 with C3d in the cocrystal
structure remains a major question in light of several previous studies demonstrating
a requirement for this domain for C3d binding. In addition, our initial studies in
which R13 of SCR1 (Figure 6.2), within a site previously suggested to interact with
C3d based on mutational and peptide inhibition approaches,’’*® was mutated to A
or E in the context of the full-length CR2 molecule demonstrated a marked decrease
in C3d binding."? There are multiple interpretations of this result ranging from the
revealing of a bona fide interaction site to changing the interaction because of
secondary charge effects as suggested below. Nevertheless, these particular results
strongly suggest that additional studies must be performed and additional approaches
used to examine the role of SCR1 in binding C3d.

C. CR2 SCR 1-SCR2 INTERFACE

As noted above, despite the solution of the cocrystal structure of CR2 with C3d, there
is evidence that supports the hypothesis that certain features of the solution structure
may well be different from the static ligand-bound structure observed in the cocrystal
structure. In addition to the points noted above, the identical SCR 1-2 domain used for
cocrystal studies was subjected to analytical ultracentrifugation. By sedimentation equi-
librium, the domain itself was determined to be monomeric in physiological buffers.*?
By sedimentation velocity, the sedimentation coefficient was determined by the time-
derivative method to be 1.25 S. Comparison of this value with those calculated for the
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SCR 1-2 domain in an extended structure (1.36 S) and a U-shaped structure (1.66 S)
revealed that the two SCR domains were predicted to be extended in solution rather
than folded back as seen in the cocrystal structure.”® These data, in conjunction with
those described above,'%%!12 provide further impetus to develop robust means to perform
solution phase studies. This will likely involve the use of NMR techniques that allow
the mapping of residues that contact ligand in solution analysis, such as by measuring
chemical shifts, coupling constants, and line shapes.''?

D. Errects OF GLoBAL PROTEIN CHARGE ON CR2-C3d
INTERACTIONS

Recently, additional analyses that attempted to take into account all of the struc-
ture—function observations involved determination of the global protein charge of
the CR2 SCR 1-2 and C3d domains. Using this approach, Morikis and Lambris'!4
proposed that the disruptions in protein—protein interactions when mutations are
made, or when salt or pH conditions are changed, reflect the major contribution of
global charge to the interaction of the two proteins. This idea has not yet been
directly tested, but may open up new directions by which the interaction of CR2
with C3d and perhaps other ligands must be viewed.

VI. BINDING SITES FOR OTHER LIGANDS AND
ROLE OF DOMAINS OF CR2 IN SCR3-15/16

A. EBV gp350/220

Of the non—C3-related CR2 ligands, the most comprehensively studied binding
interaction has been that of the receptor with gp350/220. It has been shown by both
deletion analysis and inhibitory mAb mapping that the essential CR2-binding site
with gp350/220 is contained within amino acids 1 to 470 of the viral protein.!!>!16
Of interest, a peptide containing amino acids 21 to 30 of gp350/220 binds to CR2,
and deletion of amino acids 28 and 29 within this region eliminates binding of
gp350/220 to CR2. With regard to the ligand-binding site on CR2, cross-competition
as well as mutagenesis and modeling experiments have suggested that either the two
sites are related,” or are not related.”’"'%2 The presence of a carbohydrate moiety in
the linker region may limit the ability of gp350/220 to interact with mouse CR2 as
well as mutants of human CR2 that introduce this change.’'% Resolution of this
controversy obviously awaits further direct structural analysis and comparison to
C3d.

B. PoTENTIAL ROLES OF MEMBRANE-PROXIMAL CR2 DOMAINS

Although the great majority of studies of CR2 have focused on the amino-terminal
domain, studies including those described above have shown that there are important
functions for the membrane-proximal region. First, as noted above there is an
additional CD23-binding site within SCRs 5-8 that is dependent upon CR2 carbo-
hydrates within that region. Second, the finding that the binding kinetics of the SCR
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1-2 domain are markedly different than the SCR 1-15 domain when interacting
with C3dg® identify an important role for this domain, at least during interactions
with C3d. Furthermore, it has long been assumed that the membrane-proximal SCRs
help to push the ligand binding site above the glycocalyx of the cell, and there is at
least some indirect evidence of this role.®? In addition, residues within the trans-
membrane domain and membrane proximal SCRs are likely important in mediating
a portion of the functionally important interactions with CD19.!8117 Because of these
findings, it will be important to study the role and structure of the SCR 3-15 domain
of CR2 using x-ray and neutron scattering as well as other techniques that are
described in detail in Chapter 13.

Finally, CR2 exists in multiprotein complexes in cells that contain CD19 as well
as tetraspan and class II molecules.??3 Very little is known about the molecular
organization of these complexes, but it is likely that they play major roles in signal
transduction and mediate some of the effects of CR2 ligation. In this light, almost
nothing is known about the molecular details of how CR2 interacts with proteins in
this complex, but certainly this should be a fruitful direction of investigation.

VII. SUMMARY AND VIEW TO THE FUTURE

This chapter has reviewed the current understanding of the interaction of CR2 with
C3d and its other ligands. Although substantial progress has been made with regard
to the CR2-C3d interaction, certainly many questions remain with regard to the
molecular details of this biologically important interaction. It is also apparent that
we have only begun to scratch the surface with regard to our understanding of the
interaction of CR2 with its other known and postulated ligands. Nevertheless, certain
features of the interaction are now established and have been validated using several
approaches. These include the presence of a primary interaction site on SCR2 of
CR2 centered around R83 (Figure 6.2) with the complementary CR2 binding site
on C3d occurring around positions I115-E117.1% In addition, a monoclonal inhibitor
of CR2 with C3d and gp350/220 has been shown to directly interact with a portion
of the CR2 site that interfaces with C3d.''! On the other hand, interesting questions
remain in this system with regard to the location of other ligand-binding sites on
CR2, the role of charge in long- and short-range interactions, the potential for
important interactions of C3d with SCR1, a possible membrane-bound dimer form
of CR2 whose interruption alters ligand binding and cellular activation, a molecular
understanding of the basis for differential signal transduction imparted on the same
cells by different CR2 ligands interacting in overlapping sites on the receptor, the
role of membrane-proximal, SCR-containing domains in extending the SCR 1-2
domain away from the cell membrane and interacting with ligands, and the relation-
ships between iC3b and C3d binding. Thus, although the CR2-C3d interaction is
to date the most comprehensively studied within the RCA family, many questions
remain. The solution of more of these interesting questions should further illuminate
our understanding of the biologic roles of CR2 as well as provide additional insights
into the creation of either inhibitors or C3d ligand mimics that can enhance the
immunogenicity of antigens.!3!!8
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SUPPLEMENTARY MATERIAL ON CD

All figures, including Figures 6.1 through 6.5 in color, and their corresponding
captions are supplied on the companion CD.
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I. INTRODUCTION

The proinflammatory activities of the complement system are mostly mediated by
the anaphylatoxins, C3a, C4a, and C5a. These compounds are small cationic peptides
(approximately 10 kD in size) that are cleaved off the amino terminus of the o-
chains of complement components 3 (C3), 4 (C4), and 5 (C5), respectively, upon
complement activation. It has recently been shown that they can also be generated
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independently of the three complement activation pathways, via the proteolytic
activities of nonspecific enzymes.! The name anaphylatoxins arose in the early
twentieth century in an effort to describe the activity present in complement-activated
serum that was responsible for producing rapid death when injected into laboratory
animals.? The isolation of the anaphylatoxins from complement-activated serum,
and in more recent years, their production via recombinant technology, has led to a
better refinement of their individual functional activities as well as their structural
characteristics.

A. Functions ofF C3a anp Cha

Most of our knowledge of the functional and structural activities of the anaphyla-
toxins comes from studies with C3a and C5a.3* So far, C4a has received little
attention, and this lack of interest may be due to the overall low activity of the
peptide and the fact that no specific C4a receptor has yet been identified. The actions
of C3a and C5a are mostly mediated via the C3a receptor (C3aR) and C5a receptor
(C5aR or CD88), respectively.’* Both are G-protein—coupled receptors present on
myeloid and various nonmyeloid cells. Recently, a third type of receptor has been
identified, termed C5L2, that appears to be uncoupled from G-protein signaling
pathways and may serve as a decoy receptor for C5a rather than a functional
receptor.>® C3a and C5a bind to their respective receptors with nanomolar affinity
and, depending on cell type and dose, exert multiple effects. The most notable of
these effects is their ability to: (a) induce leukocyte chemotaxis, (b) release granule-
associated enzymes and vasoactive mediators from granulocytes and mast cells, (c)
activate NADPH oxidase in granulocytes, (d) increase vascular permeability and
adhesion, (e) induce smooth muscle contractions, and (f) stimulate the release of
specific cytokines by myeloid as well as various nonmyeloid cell types, such as
endothelial and epithelial cells and astrocytes.**

The role of C3a in mediating proinflammatory responses is believed to be much
more restricted than that of C5a. In addition, C3a is at least tenfold less active in
inducing these responses compared to C5a.* Over the past years, it has become clear
that the functions of C3a and C5a extend well beyond typical inflammatory-type
responses.” Both C3a and C5a have been shown to play critical roles in complex
developmental and morphogenetic processes, such as hematopoiesis, reproduction,
liver regeneration, apoptosis, and central nervous system development.®-'? The C3aR
and C5aR are distributed widely in terms of both cell and tissue type, and the list
of functions for C3a and C5a is still expected to expand.

Due to their potent inflammatory activities, the levels of C3a and C5a are tightly
regulated by circulating carboxypeptidases, which cleave off the carboxy-terminal
arginine residue of the molecules resulting in the formation of the desarginated
peptides desArg-C3a and desArg-C5a, respectively.®!3 Because the carboxy-termi-
nus of both molecules is critical for functional activity, the desarginated peptides
are generally significantly less active than the intact peptides. The only exception
appears to be related to the lipogenic activity of C3a and desArg-C3a, which are
equally active in this context.'*!5 Regulation of C3a and C5a activities have also
been shown to occur at the cellular level, where excessive stimulation with either



Structure of the Anaphylatoxins C3a and C5a 163

peptide results in rapid homologous receptor desensitization and internalization.!6!7
Despite these regulatory mechanisms, various pathological conditions have been
associated with acute and/or excessive production of C3a and/or C5a. Some of these
pathologies include adult respiratory distress syndrome,'® asthma,! septic shock,?
rheumatoid arthritis,?"?? inflammatory bowel disease,?® Alzheimer’s disease,** pso-
riasis,? and experimental bullous pemphigoid.?® The development of several selec-
tive C5aR and C3aR antagonists has led to a better understanding of the involvement
of the anaphylatoxins in the pathogenesis of these diseases, and may imply a potential
therapeutic role for these small peptidic and nonpeptidic compounds.??27-3!

B. SEQUENCE ALIGNMENTS OF C3a, C4a, AND Cha

The anaphylatoxins are derived from three complement components that are genet-
ically and structurally related, and it is therefore not surprising that also C3a, C4a,
and C5a share sequence and structural similarities. Human C3a, C4a, and C5a have
sequences of 77, 77, and 74 residues, respectively. Multiple alignment of the amino
acid sequences of the three anaphylatoxins shows that 15 residues (19%) have been
totally conserved between C3a, C4a, and C5a, six of which are the immutable
disulfide bond forming cysteine residues (Figure 7.1). Individual comparisons show
a 29% identity between C3a and C4a, 32% between C3a and C5a, and 36% between
C3a and C4a. Of the human anaphylatoxins, only C5a is glycosylated at residue 64
(Asn). Although the presence of this oligosaccharide unit does not appear to affect
the functional activity of C5a, its removal from the less potent desArg-C5a derivative
resulted in enhanced leukocyte chemotaxis and C5aR binding, suggesting that gly-
cosylation has a negative effect on the activity of this compound.??> The anaphyla-
toxins share certain remarkable physical characteristics, such as their highly cationic
nature and ability to withstand high temperatures and pH extremes without loss of
activity.>® The structures of C3a, C5a, and their desarginated derivatives have been

1 E
C3a 5‘-."Q7_-TZKR?"]DKVSKYP—KELRK&CIZDGMREN?I-“JRFS&QRRTRFISLGEA&KK‘JFLDClij‘! 5¢
(I 11} i} 11} 1] ] [i]
Cd4a NVNFQEAINEKLGQYASPTAKRCCODGVTRLEMMESCEQRAARVQQ-PDCREPFLSCCQF 5
C5a --TLQKKIEEIARKYKHSVVKKCCYDGAC-VNNDETCEQRARRISLGPRCIKAFTECCVV 57
] [I} (I [i] [ ] I

-k s akEk Rk T EE . . * * &

C3a ITELRRQHARASHLGLAR 77
R |
C4a AESLRKKSRDKGQAGLOR 77
C5a ASQLRANISHKDMQ-LGR 74
] L ]

hok &

FIGURE 7.1 Alignment of amino acid sequences of three human anaphylatoxins C3a, C4a,
and C5a, using the program ClustalW.”” A residue in bold indicates identity (also marked by
the asterisks), and the colon (strongly similar) and single point (weakly similar) indicate
homology. A dash (-) signifies a gap (i.e., insertion or deletion). The disulfide bridge patterns
are shown at the top of the alignment and the oa-helical segments (including fraying parts,
see text) are shown for C3a and C5a.
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elucidated using crystallographic and nuclear magnetic resonance (NMR) analyses,
and will be the focus of the following paragraphs.

Il. STRUCTURE OF C3a

The three-dimensional (3D) structures of human C3a and desArg-C3a were the first
structures of a component of the complement system to be identified at atomic
resolution (albeit at a relatively low resolution of about 3.2 A). This work was done
using x-ray crystallography by Huber et al., published in 1980.3* Subsequently, one-
dimensional NMR studies by Muto et al.3>3¢ (for C3a, desArg-C3a, and C3a[1-69]),
two-dimensional NMR studies by Nettesheim et al.’” (for desArg-C3a) and Chazin
et al.’® (for C3a and desArg—C3a) determined the secondary structure of human C3a
in solution. The latter also produced a very low-resolution tertiary structure of C3a.*
The crystals of desArg-C3a and C3a produced identical diffraction patterns indicat-
ing that the two structures are very similar.>* Similarity of the structures of human
C3a and desArg-C3a was also indicated by NMR data®® and at a coarser level by
circular dichroism data.??

Figure 7.2A shows a ribbon model of the 3D crystal structure of human C3a.’*
This structure encompasses residues 13 (Gly) -77 (Arg). The missing amino-terminal
residues did not produce diffraction patterns, resulting from either the presence of
disorder or an ordered structure that is mobile in respect to the rest of the protein
(a librational motion).>* The latter is more likely since all solution NMR data
identified the presence of a helix at this region. The crystal structure of C3a estab-
lished the disulfide linkages between Cys22-Cys49, Cys23-Cys56, and
Cys36-Cys57 (Figures 7.1 and 7.2A). The authors of this study described the
structure of C3a as resembling a drumstick with very little internal core (Figure 7.2).
The three cysteine bonds assist in the formation of the head piece and the long
carboxy-terminal helix forms the stick protruding away from the head (Figure 7.2A).
Our analysis using the program MolMol* with the implementation of the Kabsch
and Sander algorithm for secondary structure identification*' shows the presence of
three o-helices. These are segments 17-23, 3741, and 47-69. The NMR studies in
combination®-3 propose the presence of four a-helices in the residue segments 5-15
(with fraying in 5-7), 17-28 (with fraying in 17-18), 3643, and 47-70 (with fraying
in 67-70). The a-helices are connected with variable length loops and the amino-
and carboxy-termini are in extended conformations. The NMR secondary structure
identification was based on using combinations of (a) NOE connectivity patterns,
(b) backbone spin—spin scalar coupling constants, (c) residue-specific hydro-
gen—deuterium exchange, and (d) qualitative line width analysis. Fraying at the
helical termini is not unusual for a-helices in proteins, and it is observed by high
hydrogen—deuterium exchange rates (or low protection factors) for backbone amide
protons in exchange experiments and NMR spectroscopy (e.g., see Morikis*?). Typ-
ically, the regular hydrogen-bonding pattern observed at the core of helices is
weakened at the termini, thus contributing to high hydrogen—deuterium exchange
rates and structural fraying (also described as transient or partial helix formation).

Figure 7.2B shows a stick model of the crystal structure of C3a that depicts the
hydrophobic and charged character of C3a. The core of C3a is formed by the three
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A B
He{x ) N-ter

i |
W Helix IV
Helix 111

FIGURE 7.2 (A) Ribbon diagram of the structure of human C3a.>* Only helices II-IV are
present in the crystal structure (marked in figure). The disulfide bridges are shown and marked.
(B) Stick representation of the backbone (in black thin lines) and hydrophobic and charged
side chains (in grey thicker lines) of the structure of C3a. The remaining side chains are
deleted for clarity. Side chains are drawn using lines of increased thickness in the following
order: (a) hydrophobic side chains (Val, Leu, Ile, Thr, Phe, Tyr, Pro, Met) (there are no Trp
residues in structure); (b) basic charged side chains (Arg, Lys, His); and (c) acidic charged
side chains (Asp, Glu). Examples of a through c are shown with arrows. The orientation of
the structure of C3a is the same as in panel A. (C) Molecular (contact) surface representation
of human C3a to demonstrate the overall shape and the presence of cavities. The orientation
of the structure of C3a is the same as in panel A. (D) Same as C but rotated by 180° around
the vertical axis of the plane. Selected side chains that participate in the formation of structure
and in binding, the binding site (x), and the charge character of cavities (+ for positive and
— for negative) are marked in relevant panels. Molecular modeling was made using the program
MolMol.#’ (Coordinates courtesy of R. Huber.)

disulfide bridges and to a lesser extent by interactions of hydrophobic side chains.
The disulfide bridges hold together helices II and III, and the amino-terminus of
helix IV. The NMR data suggest that helix I (missing in the crystal structure of
Figure 7.2) packs between and behind helices II and IV (Figure 7.2A), but is mobile
as a whole presumably because of lack of strong side-chain hydrophobic interactions.
There is only one hydrophobic residue in the core of helix I (Val12), and one residue
with hydrophobic character at the fraying region (Thr5). There is no evidence of
aromatic packing interactions in Figure 7.2B. There is an excess of positive charge
in C3a (Figure 7.2B; color Figure 7.2B through F on companion CD). Salt bridges
that contribute to local and packing interactions of C3a are observed for the pairs
Glu24-Arg20, Asp25-Arg28, Glu62—-Arg65, and weaker salt bridges are observed
for the pairs Asp25-Arg39, Asp55-Lys51, Glu24-Lys17, Glu47-Lys50. It is not
clear what the role is of the two carboxy-terminal histidines, His67 and His72.
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Figure 7.2C and D show two views of the surface of C3a that depict the presence
of cavities. The proposed interaction site with C3aR is marked with an arrow. These
are C3a carboxy-terminal residues 69—77, which have a predominantly positively
charged character (Figure 7.2B). The current binding model of C3a to its receptor
C3aR involves interaction of this carboxy-terminal tail (marked in Figure 7.4C) with
an unusually long extracellular loop connecting helices IV and V of the seven-helix
transmembrane C3aR receptor (Figure 7.4).** These interactions are presumably
electrostatic. Three out of four cavities in Figure 7.2C and D are also positively
charged while the fourth cavity is negatively charged (color Figure 7.2C through F
on companion CD). It is not known if these cavities have binding and physiological
function.

A.  DIFFERENCES BETWEEN THE CRYSTAL AND SOLUTION STRUCTURES
AT C3a AMINO TERMINAL REGION

Two major differences were observed in the secondary structures from the crystal
and solution phase studies. First, the NMR data identified an additional amino-
terminal helix,?”® which did not produce visible electron density in the crystalline
form (missing in Figure 7.2).3* Second, the NMR data demonstrated the presence
of dynamic extended conformation at the carboxy-terminus beyond residue 66,3738
while the crystallographic data showed the presence of helical conformation until
residue 73 (out of a total 77 residues), with the remaining four residues being at an
extended but stable conformation.* This difference was attributed to the interaction
of two molecules in the crystal with helix IV arranged in antiparallel fashion.343’
The same interaction could explain the observed stable conformation of the remain-
ing four terminal residues in the crystal. Less significant differences are seen in the
beginning and ending of the other two helices, but this is not unusual when comparing
crystallographic and NMR data (e.g., Morikis et al.**). In consensus, by putting
together the NMR and crystallographic data, C3a forms a four-helix bundle in
agreement with the structural motif of the core of C5a. We have named the four a-
helices I-1V, with I being the amino-terminal helix (seen only in NMR data), and
IV being the carboxy-terminal helix. We will use the same notation for C5a (see
below) to facilitate the comparison with C3a.

We should note here that the structure of C3a was of lower resolution resulting
from small crystal size and about 30% contamination with desArg-C3a; however,
the authors had evidence that the crystallized form belongs to C3a.3*

B. StaBiLity oF C3a

The NMR studies were conducted at several pH values spanning a pH range of 2.3
to 7.5, and at several temperatures spanning the range between 10°C to 35°C. In
the crystallographic studies, crystals were grown at pH 4.5. C3a and desArg-C3a
are stable in these pH and temperature ranges as indicated by the consistency of the
NMR data and the determined secondary structure. This is also supported by circular
dichroism data.’? Denaturation studies using reducing agents also showed that the
structure of C3a is very stable and is capable of reversible denaturation.*
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C. Acnivity oF C3a

C3a is a protein of 77 residues, of which the carboxy-terminal Arg77 is essential
for activity. Despite the general loss of activity upon removal of Arg77, the structures
of C3a and desArg-C3a are nearly identical.3*38 It is not clear whether the core of
the structure of C3a formed by helices I-III simply serves as a stabilizer of helix
IV (the carboxy-terminal helix) or has a functional role by binding to a receptor.>*
A synthetic peptide derived from the sequence of the 21 carboxy-terminal residues
has shown 50% to 100% activity compared to native C3a;* however, synthetic
peptides of the 13 and 8 carboxy-terminal residues showed only 4% to 8% and 2%
to 3% activity, respectively, and terminal penta- and tetrapeptides showed negligible
activity.® It should be noted that the carboxy-terminal pentapeptide Leu-Gly-Leu-
Ala-Arg is conserved among various species, as are the three pairs of disulfide
bridges. The observed differences between the NMR and crystal secondary structures
in the carboxy-terminal region should be critically examined when structure—func-
tion relations are used to study binding properties or to design inhibitory sequences.

I1l. STRUCTURE OF C5a

The 3D structure of recombinant human C5a was determined using NMR by the
Zuiderweg*® and Zhang*’ groups. The structure by Zuiderweg et al.*® was well defined
for residues 1 to 63 (out of a total 74), and undefined for the carboxy-terminal
residues 64 to 74, which showed dynamic random-coil conformation. However, the
structure by Zhang et al.*’ showed a-helical conformation in the region 69-74. The
remaining regions are consistent in the structures determined by Zuiderweg et al.*®
and Zhang et al.*’

The 3D structure of porcine desArg-C5a (with cleaved carboxy-terminal Arg74)
was determined using NMR by Williamson et al.*® Also, the secondary structure of
bovine C5a(5-66) was determined using NMR by Zarbock et al.** Both of these
structures showed a random configuration at the carboxy-terminus, in agreement
with the structure of recombinant human C5a by Zuiderweg et al.,*® and in disagree-
ment with the structure of recombinant human C5a by Zhang et al.#’

Figure 7.3A shows a ribbon model of a representative 3D solution structure of
recombinant human C5a out of a total 20 structures in the NMR ensemble.*’ This
structure encompasses residues 1 (Met) -74 (Arg) (Thrl was replaced by Metl by
the bacterial expression system). C5a has disulfide linkages between Cys21-Cys47,
Cys22-Cys54, and Cys34—Cys55. A fifth free cysteine, Cys27, is located at the end
of helix II. The structural motif of C5a is a four-helix bundle of helices running in
an antiparallel fashion to each other, with an additional fifth helix at the carboxy-
terminus. The four-helix bundle segment is of the unicornate type according to the
definition of Harris et al.*® Unicornate-type four-helix bundles have the topology of
parallel-parallel-orthogonal-orthogonal arrangement for four consecutive helix pairs
(helix pairs 4-1, 1-2, 2-3, 3-4 for C5a; analysis made using the program MolMol*).
A secondary structure analysis of recombinant human C5a*’ using the implemen-
tation of the Kabsch and Sander algorithm*' within the program MolMol*° shows
five a-helices comprising residue segments 511 (helix I), 16-27 (II), 34-38 (III),
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FIGURE 7.3 (A) Ribbon diagram for a representative NMR structure of recombinant human
C5a.*7 The disulfide bridges and free Cys27 are shown and marked. (B) Stick representation
of the backbone (in black thin lines) and hydrophobic and charged side chains (in grey thicker
lines) of the ensemble of 20 low-energy structures of C5a. The remaining side chains are
deleted for clarity. Side chains are drawn using lines of increased thickness in the following
order: (a) hydrophobic side chains (Val, Leu, Ile, Thr, Phe, Tyr, Pro, Met) (there are no Trp
residues in structure); (b) basic charged side chains (Arg, Lys, His); and (c) acidic charged
side chains (Asp, Glu). Examples of a through c are shown with arrows. The orientation of
the structure of C5a is the same as in panel A. (C) Molecular (contact) surface representation
for a representative structure of recombinant human C5a to demonstrate the overall shape
and the presence of cavities. The orientation of the structure of C5a is the same as in panel
A. (D) Same as C but rotated by 180° around the vertical axis of the plane. Selected side
chains that participate in the formation of structure and in binding, the binding sites #1, #2,
#3, and the charge character of cavities (+ for positive and — for negative) are marked in
relevant panels. Molecular modeling was made using the program MolMol.*’ (Coordinates
from NMR structure with PDB code 1KIJS.)

45-62 (IV), and 68-71 (V). The NMR studies in combination***’ propose the
presence of five a-helices in the residue segments 4—13 (with fraying at 4 and 12—13),
16-28 (with fraying in 16-19, 28), 33-39 (with fraying at 33, 39), 45-64 (with
fraying at 45, 63-64), and 68-74 (with fraying at 68, 72-74). The a-helices are
connected with variable length loops. Helices I to IV form the core of C5a, and the
carboxy-terminal region, including helix V, forms a small tail.

Figure 7.3B shows a stick model of the ensemble of NMR structures of recom-
binant human C5a* that depicts the hydrophobic and charged character of C5a. As
in the case of C3a, the core of C5a is formed by the three disulfide bridges, and to
a lesser extent by interactions of hydrophobic side chains. The disulfide bridges hold
together helices II, III, and IV. Helix I is packed against the rest mainly through
hydrophobic interaction involving Ile6 and Ile9. As in the case of C3a, there is no
evidence of aromatic packing interactions (Figure 7.3B). There is an excess of
positive charge in C5a (Figure 7.3B); however, the negative charge is more localized
within two major (in size) cavities located at opposite surfaces to each other and a
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minor cavity (color Figure 7.3B through F on companion CD). A salt bridge that
contributes to a local interaction is observed for the pair Glu8—Lys4, and weaker
salt bridges that contribute to either local or packing interactions are observed for
the pairs Asp24-Lys20, Asp31-Arg62, Glu7-Lys4, Glu7-Lys19, Glu8—Lys4,
Glu8-Lys5, Glu8-Lys12, Glu35-Lys20, Glu53-Lys5, Glu53-Lys12, Glu53-Lys49.
Figure 7.3B shows that the side chains of Arg62 and Arg74 are positioned in relative
proximity (to within 4.6 to 8.3 A for the CZ atom of their guanadinium groups in
the ensemble of 20 NMR structures of Zhang et al.#’ The lone Cys27 is located
within 3.7-6.6 A from carboxy-terminal Arg74 (using the distance between Cys27
Sy-Arg74 CC in the ensemble of 20 NMR structures of Zhang et al.*’ This is a
favorable interaction that possibly stabilizes the local structure. The role of the two
histidines, His15 and His67, may be to modulate local charge distribution depending
on their local (apparent) pK, (for instance, see Morikis et al.>!2 for a discussion on
the role of His apparent pK,s) and the solution pH.

Figure 7.3C and D shows two views of the surface of C5a that depict the presence
of cavities. A major cavity is observed in the view of Figure 7.3C and a major and
a minor cavity are observed in the view of Figure 7.3D. The major cavities have
acidic character and the minor cavity has basic character (color Figure 7.3E and F
on companion CD). Proposed interaction sites of C5a with its seven-helix trans-
membrane receptor C5aR (Figure 7.4) include three sequentially discontinuous
regions of C5a (marked in Figure 7.3C and D). These involve: (a) the loop between
helices I and II of C5a interacting with the amino-terminal extracellular extended
domain and the extracellular loop connecting helices IV and V (close to helix V,
known as the “recognition site”) of C5aR;>*>7 (b) the loop between helices III and
IV of C5a interacting with the extracellular loop between helices IV and V of
C5aR;%3* and (c) the carboxy-terminal region of C5a interacting with the (upper
third of the) fifth transmembrane helix (called the “effector site””) of C5aR.33-33->7-60
These interactions are presumably electrostatic, involving negative charges in the
amino-terminal extracellular domain of C5aR, and positive and negative charges of
the carboxy-terminal Arg of C5a (positive for side chain and negative for backbone
at pH ~3.8 and above). The C5a site of interaction between helices I and II forms
the minor cavity of basic character (see above) (Figure 7.3 and color Figure 7.3 on
companion CD). The other two sites of interaction do not form cavities. Rather than
trying to match individual residues of opposite charge in the sequences of C5a and
C5aR in the absence of a 3D structure of C5aR, it may be worth speculating that
all charged cavities on the surface of the four-helix bundle of C5a (Figure 7.3C and
D; color Figure 7.3C through F on companion CD) may interact with the recognition
site of C5aR in a way that is not yet identified. Conformational changes upon binding
are also expected to alter side-chain orientations and molecular surfaces.

A. C5a STRUCTURES FROM DIFFERENT SPECIES

Similar to C3a, the carboxy-terminal part of C5a is relatively conserved among
species, and generally consists of the effector sequence (Met/Ile/Val)-Gln-Leu-Gly-
Arg. Structural similarities can also be observed at other levels, as the secondary
structures and the overall folds of recombinant human C5a,**? bovine C5a(5-66),*



170 Structural Biology of the Complement System

FIGURE 7.4 Cartoon model of C3aR and C5aR. The C3aR and C5aR receptors are G-protein
coupled rhodopsin-like transmembrane proteins, comprising seven transmembrane helices,
connecting extra- and intracellular loops of variable length, an extracellular amino-terminal
extended domain, and an intracellular extended carboxy-terminal domain. Currently, there
are no 3D structures of C3aR or C5aR. The cartoon of this figure is based on a rhodopsin
structure from the Protein Data Bank, but is not drawn in scale. C5aR has a longer amino-
terminal domain and a shorter extracellular loop connecting helices IV to V (in black) than
C3aR (in grey). The approximate sites of proposed interaction with C3a (x) and C5a (#1, #2,
#3) are marked.

and porcine desAr74-C5a*® are very similar for helices I to IV, with some differences
in the interhelical loop segments. Only the structure of recombinant human C5a*’
demonstrated a clear fifth helix (helix V) at the carboxy-terminus (Figure 7.3).

The coordinates of the structures of recombinant human C5a (residues 1 to 74)¥
and porcine desArg77-C5a (residues 1 to 65)* are available from the Protein Data
Bank®' and have codes 1KJS and 1C5A, respectively.



Structure of the Anaphylatoxins C3a and C5a 171

B. DirrereNces IN NMR STRucTUREs OF CARBOXY-TERMINAL
RecioN ofF Cha

The origin of the discrepancy on the definition of the structure (or lack of) in the
region of residues 69 to 74 is not clear in the studies of Zuiderweg et al.* and Zhang
et al.¥’ The 3D structure of Zhang et al.*’ was determined at pH 5.2 and 30°C, while
the structure of Zuiderweg et al.*® was determined at pH 2.3 and 10°C. However,
Zuiderweg et al.*6 collected additional NMR data at pH values of 2.3 and 5.5 for
recombinant C5a and pH 2.3 for recombinant C5a without Metl, and pH 6.0 at
20°C, none of which indicated structure at the carboxy-terminus. Zuiderweg et al.*®
concluded that the lack of structure beyond residue 63 was not a pH artifact or
recombination artifact due to the presence of Metl. Another significant observation
of Zuiderweg et al.*® was that the NMR data for the region 64—70 did not support
a complete random coil conformation but a dynamic ensemble with some helical
characteristics, with the remaining four carboxy-terminal residues being at complete
disorder. This observation was based on nuclear Overhauser effect (NOE) connec-
tivity patterns, hydrogen—deuterium exchange of amide protons, chemical shift val-
ues, and line width values. However, Zhang et al.*’ proposed that lowering the pH
from 5.2 to 2.3 resulted in random coil conformation in the 69-74 region. This
observation was based on chemical shift values and hydrogen—deuterium exchange
of amide protons, using 'H-'*N heteronuclear NMR data. In our opinion, another
factor contributing to the discrepancy in the structure definition of the carboxy-
terminal hexapeptide of C5a may be technical owed to the higher resolution of
heteronuclear 'H and >N NMR (in addition to the homonuclear 'H data) of Zhang
et al.*’ using isotopically labeled C5a, as opposed to the homonuclear 'H NMR data
of Zuiderweg et al.*® Indeed, Zuiderweg et al.* discussed spectral overlap in the
region beyond residue 65 that contributes to low spectral resolution. Another con-
tributing factor in the discrepancy may be the different NOE mixing times used by
the two studies, up to 200 ms in Zhang et al.*’ as opposed to up to 100 ms in
Zuiderweg et al.*6

C. StasiLity or C5a

The structure of recombinant human C5a is stable at the pH range 2.3 to 6.0 and at
temperatures 10°C to 30°C, with the exception of the carboxy-terminal hexapeptide
comprising residues Asp69-Met-Gln-Leu-Gly-Arg74 (see above for a discussion on
discrepancies between the two NMR structures). The latest NMR studies show a
well-defined o-helix in this segment at pH 5.2, which unravels to a random coil
conformation at pH 2.3.47

D. Activity of Cha

Cleavage of Arg74 by carboxypeptidases generates the less potent desArg-C5a
fragment. Despite the activity- and species-related differences, the overall folds of
recombinant human C5a% and porcine desArg-C5a* are very similar. However, we
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should bear in mind that the two recombinant human C5a structures*’-%2 show a
potentially functionally significant difference in the carboxy-terminal region.

The binding of C5a to its receptor C5aR is a two-step process with three sites
in C5a and three sites on C5aR>-37:6364 known thus far. The first step involves the
four-helix bundle portion of C5a and the recognition site of C5aR. The second step
involves the carboxy-terminal tail with the fifth helix of C5a and the effector site of
C5aR. Conformational changes have also been proposed to accommodate bind-
ing.33365% This binding model has been proposed to act as a molecular switch
activated by C5a that transmits extracellular signal from CS5a to intracellular G
protein.>

As discussed above, early mutagenesis studies have shown that carboxy-terminal
residues Arg74 and Lys68 are responsible for interactions with C5aR.>* Several sub-
sequent studies of small peptides derived from the sequence of the carboxy-terminal
region of C5a and from sequence improvements have shown agonist activities.5>-68

The carboxy-terminal tail of C5a has been used as a template to design low-
molecular-mass antagonists for receptor binding. C5a plays an important role in
inflammation (see above), and therefore, this complement protein makes a good
target for the development of anti-inflammatory drugs. Currently, there are no drugs
in the clinic that target complement, but the availability of such compounds would
be beneficial in various pathological situations where external complement regula-
tion is needed® (see above). Several timely efforts have focused on the development
of C5a antagonists, based on sequence modifications of the carboxy-terminal region
of C5a (reviewed in Morikis and Lambris™). Most of the early efforts resulted in
the identification of agonists and recent efforts, most by Stephen Taylor and co-
workers, have resulted in the identification of antagonists.?>677'-73 In Chapter 15,
Taylor and Fairlie review the most active C5aR antagonist peptide.”

In another study, Zhang et al.”> designed a semisynthetic C5aR antagonist using
a modified version of C5a, structure 1CFA of the Protein Data Bank.%! They com-
bined recombinant human C5a(1-71), with replacements Thr1Met, Cys27Ser,
GIn71Cys, and a synthetic peptide with sequence Cys72-Leu-Gly-DArg75. The
connection of the two constructs was made through a disulfide bridge between Cys71
and Cys72. The rationale behind this construct was to position the carboxy-terminal
D-Arg (here D-Arg75) in proximity to Arg46 and His15, thus enhancing a positively
charged surface by DArg75/Arg46/Lys49/His15. The underlying assumption was
that a single C5aR-binding site (the negatively charged extracellular region) was
responsible for antagonist activity.” The authors of this study also point out that a
single C5aR-binding site is not sufficient for agonist activity. Other C5a-like antag-
onists with modified carboxy-terminal tails have also been reported.”®

IV. COMPARISON OF HUMAN C3a AND
C5a STRUCTURES

Figure 7.5 shows a superimposition of the 3D structures of human C3a’* and recom-
binant human C5a.*’ Both structures form four-helix bundles (helices I-IV), but C5a
contains an additional fifth helix at the carboxy-terminus, which extends away from
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Helix 1l
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FIGURE 7.5 Comparison of structures of C3a and C5a. The crystal structure of C3a3 (in
black) and a representative solution structure of C5a*’ (in grey) have been superimposed using
the backbone Ca atoms. The cysteines and carboxy-terminal arginines are also shown. (C3a
coordinates courtesy of R. Huber; C5a coordinates from NMR structure with PDB code 1KJS.)

the bundle. In Figure 7.5, helix I of the crystal structure of C3a is missing. Although
the structure of C5a can be classified as a four-helix bundle of the unicornate type
with an additional hanging fifth helix, a similar classification is not possible for C3a
because of the missing first helix. However, a unicornate type is not possible for
C3a because of the difference in position of helix III, which is parallel to helix IV
in C3a as opposed to being orthogonal in C5a (Figure 7.5).

V. CONCLUDING REMARKS

The anaphylatoxins are remarkable proteins with respect to their high resistance to
denaturation and ability to spontaneously refold to their native structure upon
removal of the denaturing conditions. These characteristics result from the presence
of three pairs of disulfide bridges and the high level of helicity, which contribute to
the formation of stable protein cores. Although the carboxy-terminal part of these
compounds contains an important effector site, other regions of the C3a and C5a
molecules have been shown to be involved in mediating the binding of C3a and C5a
to their respective receptors. Studies carried out using various truncated and mutated
molecules, as well as the determination of the three dimensional structures of C3a
and C5a, have provided important information on the structural-functional relation-
ships of these compounds. Consequently, various selective C3aR and C5aR agonists
and antagonists have been developed that show promise for a wide range of research
and clinical applications. Although C4a has not been scrutinized in a manner similar
to C3a and C5a, we expect that this line of research will intensify in the near future.
Finally, we expect that new and potent antagonists for receptor binding will be
designed for C3a and C4a in a similar fashion as has been done for C5a.
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I. INTRODUCTION

As the immune adherence receptor on erythrocytes in humans, complement receptor
type 1 (CD35; CR1, C3b/C4b receptor) participates in host defense by binding
complement opsonized foreign antigens in the circulation and delivering them to
the liver and spleen for destruction and immune response.'* On neutrophils and
monocytes/macrophages, CR1, along with Fc receptor, participates in phagocyto-
sis.>® CR1 on B cells and follicular dendritic cells (FDCs) participates in the humoral
response.*> CR1 serves as a cofactor for the plasma serine protease factor I, to
convert C3b on the surface of foreign antigens to C3dg.® C3dg is further cleaved to
C3d by serum proteases such as trypsin or plasmin.” Binding of C3dg and C3d to
their receptor, complement receptor type 2 (CR2), together with the engagement of
the B-cell receptor, results in activation of B cells.® Furthermore, CR1 is an efficient
and versatile regulator of complement activation at the steps of C3 and C5 conver-
tases.**-!! One inhibitory activity of CR1, decay-accelerating activity (DAA), leads
to a dissociation of the convertases.'® The other regulatory activity, cofactor activity
(CA), results in a limited proteolysis of C3b and thus permanent inactivation of the
convertases.®!! Recombinant CR1 in various forms has been used to down-regulate
unwanted complement activation. In one approach, a soluble form of CR1 was
employed in clinical trials.'> Another inhibitor, a truncated CR1 derivative composed
of only three initial repeating domains, is anchored in a cell membrane by a hydro-
phobic group and protects the cell from complement activation.'® This inhibitor is
also in clinical trials. In another approach, CR1 was targeted to endothelial cells by
adding a sialyl Lewis antigenX that binds to selectins on activated endothelium.'*
Like other complement regulators, CR1 is exploited by pathogens. For example, the
major adhesin expressed on Plasmodium falciparum—infected erythrocytes binds to
CR1 on other infected or uninfected erythrocytes. This contributes to agglutination
and rosetting, respectively, events that are important in malaria pathogenesis.!>6

Il. REGULATORS OF COMPLEMENT ACTIVATION
(RCA) GENE/PROTEIN FAMILY

The genes encoding the regulators of complement activation (RCA) proteins are
clustered within two nearby DNA segments on the long arm of chromosome 1
(1932). An approximately 900-kb segment contains C4b-binding protein, accelerat-
ing factor (DAF, CD55), CR2 (CD21), CR1, membrane cofactor protein (MCP)-
like, CR1-like, MCP (CD46).!” An approximately 650-kDa DNA segment encodes
factor H, factor H-related proteins, and the b subunit of the coagulation factor XIII."
The RCA genes are composed entirely or almost entirely of one type of module that
is described in more detail in the following section.'® A structural unit common to
all of these proteins indicates a common evolutionary origin of the RCA gene/protein
family. Moreover, the presence of relatively recent duplications, such as CR1-like,
MCP-like, or five factor H-related genes in this region suggests that new genes
continue to be generated.!*?!
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I1l. GENERAL CHARACTERISTICS OF COMPLEMENT
CONTROL PROTEIN REPEATS

A complement control protein repeat (CCP) domain or module (also known as short
consensus repeat or sushi domain) is the main building block of all RCA proteins.??23
CCP modules, ~60 amino acid residues long, are also found in many other human
as well as nonhuman proteins of diverse function (see Chapter 2). Two to four
contiguous CCPs are normally required to produce a binding site in most if not all
cases.?*28 Thus, although CCPs are regarded as structurally independent, they are
not functionally independent. It follows that within an active site, the orientation of
one CCP relative to the other(s), and the flexibility of the linkages between the
modules are important. Thus, the structures of both the modules themselves and
their intermodular junctions are key to understanding the mechanism of action of
CCP-containing proteins. Once the structure of several CCP pairs and a triple CCP
fragment had been characterized by nuclear magnetic resonance (NMR), it became
clear that the various intermodular junctions share neither a common structure nor
a common degree of flexibility.?*-3* Furthermore, neither the structure nor the flex-
ibility of junctions can currently be predicted on the basis of the amino acid
sequences.?*3* As will be discussed later, even pairs of CCP modules that are
connected together by linker sequences with identical or conservatively replaced
residues may be differently oriented with respect to each other. This situation pertains
because the interactions between turns and loops of the adjacent modules, as well
as the interactions of the modules themselves with the short linker, play major roles
in forming the intermodular junctions (see Chapter 2).

CCPs are particularly abundant in the complement system, being found in ten
proteins that interact with C3- or C4-derived fragments. Each CCP probably forms
a structurally independent entity and forms an elongated unit held together by two
disulfide bonds near the opposite ends of the long axis.** In addition to four cysteines
that form the two disulfide bonds and one invariant tryptophan, 13 mostly hydro-
phobic amino acid residues are conserved in ~40% of sequences.*® The majority of
these contribute side chains to a hydrophobic core that is wrapped in several anti-
parallel B-strands interspersed with loops and turns. There are no a helices, although
helical turns do occur in some modules. An important characteristic of CCP modules
is their unusually large solvent-exposed area (relative to the number of residues they
contain and to their volume), which translates into a large area available for binding
partners (see Chapter 2).

IV. POLYMORPHISMS

Several CR1 polymorphisms have been described for this type 1 transmembrane gly-
coprotein whose extracellular portion is composed entirely of CCPs (Figure 8.1).22%3
Size polymorphism is represented by four allotypes whose M,s differ by ~30,000
increments (Table 8.1).33° The extracellular portion of the most common allotype of
CR1, CR1*1, formerly known as type A or F, is composed of 30 CCPs. Based on
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FIGURE 8.1 Schematic representation of the structural and functional domains of CR1. The
extramembranous portion of CR1 is composed of 30 CCPs, shown as boxes. Transmembrane
domain (TM) and cytoplasmic tail (CYT) are also noted. Based on percent identity, the first
28 CCPs can be grouped into four long homologous repeats (LHRs) — A, B, C, and D —
each seven CCPs long. LHRs are believed to have arisen through a duplication of a seven-
CCP unit. There are two distinct functional sites, each composed of three CCPs. Site 1 is in
LHR A, and two nearly identical copies of site 2 are in LHRs B and C.?3196-108 The first two
CCPs in site 1 (CCPs 1 and 2) are 61% identical to the first two CCPs in site 2 (CCPs 8 and
9, as well as to CCPs 15 and 16), and they are marked in the figure by a distinct pattern.
CCPs 3, 10, and 17 are nearly identical. Site 1 binds C4b and has decay-accelerating activity
for C3 convertases. Both sites 1 and 2 are required for the decay-accelerating activity for the
C5 convertases. Site 2 binds C3b and C4b, and has CA for the limited proteolysis of C3b
and C4b. Site 2 also binds a major Plasmodium falciparum adhesin. LHR D contains a binding
site for C1q and mannan-binding lectin.®*-% CCP 25, which contains “African”-specific blood
group antigens, is highlighted.!°!

homology, in this CR1 variant, all CCPs except for the last two can be considered as
four larger units, called long homologous repeats (LHRs) A, B, C, and D, each composed
of seven CCPs (Figure 8.1).2> Each size variant is encoded by one of four alleles that
are products of unequal crossing over.’®* The smallest variant (CR1*3, formerly CR1
F) has three LHRs whereas larger variants have five (CR1 B or CR1%*2) or six (CR1
D or CR1*4) LHRs (Table 8.1A). The second variation is a HindIII restriction-fragment-
length polymorphism, which in Caucasians and Asians, but not in Africans, correlates
with a CR1 copy number on erythrocytes.***> The CR1 copy number on erythrocytes,
which represents the third polymorphism, is determined by two quantitative alleles, H
and L. Homozygotes for the L (low-expression) allele generally have fewer than 200
copies of CR1 per erythrocyte; homozygotes for the H (high-expression) allele have
three to four times more, and heterozygotes express intermediate levels (Table 8.1B).
The frequency of the H allele varies between 0.71 and 0.85 and the frequency of the L
allele between 0.15 and 0.28.46 No humans entirely lacking CR1 have been identified.
The so called ‘null” or Helgeson type individuals have a very low (<30) CR1 copy
number per erythrocyte.*’” The fourth polymorphism is represented by the Knops blood
group antigens (Table 8.1C).#7* In the most common allotype, CR1*1, three of the
blood group antigens were traced to point mutations that produce a single amino acid
change in LHR D, more precisely in CCP 25.5-!
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TABLE 8.1
CR1 Polymorphisms

A. Size Polymorphism
Size (M,) x 103

CR1 Former Nonreducing/ Number Gene
Variant  Name(s) Reducing of LHRs Frequency
CR1 *1 AorF 190/220 4 0.86-0.96*
CR1 *2 BorS 220/250 5 0.03-0.12
CR1 *3 CorF 160/190 3 0.00-0.06
CR1 *4 D 250/280 6 0.00-<0.01

B. Erythrocyte Copy Number Polymorphism in Caucasian Population>
Erythrocyte Copy

Allotype Number Gene Frequency
L (low expression) <200 0.12
H (high expression) Up to 1000 0.56
Heterozygote Intermediate 0.32

C. Blood Group Polymorphisms
Frequency (%) in

Former African Residue Amino Correlation with

Phenotype Name Caucasians Americans Africans # Acid Malaria

McC(a+) Same 98 99 82-95  1590° Lys Unknown
(1549)¢

McC(b+) Same 1 44 44-56 1590 Glu Unknown
(1549)

Sk:1 Sl(a+) 99 65 37 1601° Arg Reduced rosetting
(1560)° of S1:2 erythrocytes

S1:2 Vil* 1 39 68-72 1601 Gly with erythrocytes
(1560) infected with

Plasmodium
falciparum

LHR, long homologous repeats; McC, McCoy; Sl, Swain-Langley; Vil, Villien.

@ Varies among populations. For example, frequency in Chinese-Taiwanese is 0.96* and in Mexican-
Americans is 0.89.14

® According to numbering that starts with the first amino acid of the signal peptide.

¢ According to numbering that starts with the first amino acid of the mature protein.
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V. EXPRESSION

CR1 is expressed by all types of peripheral blood cells except for platelets and most
T cells.* Due to the abundance of erythrocytes, almost 90% of total CR1 is found
on these cells despite the relatively low copy number. Variations in the composition
of N-linked sugars are responsible for the 5- to 15-kDa greater size of CR1 on
leukocytes compared to those on erythrocytes.”>3 Upon stimulation of resting neu-
trophils (expressing ~5,000 copies per cell), CR1 is released from intracellular
storage vesicles and copy number increases up to tenfold.>*>7 B cells and monocytes
express 20,000 to 40,000 copies per cell.®® About 10% to 15% of peripheral blood
T cells express CR1.5%% In tissues, CR1 is expressed on FDCs, B cells, and some
monocyte-macrophage populations.’ In addition, it is found on podocytes, astrocytes,
and some neurons, where its function is unknown.%-63

VI. FUNCTIONS
A. IMMUNE ADHERENCE

CR1 on erythrocytes binds immune complexes coated with C3b/C4b (Table 8.2).4
CR1 has also been reported to bind C1q and mannan-binding lectin, and this binding
could contribute to opsonization of immune complexes.*-% Erythrocytes shuttle the
bound immune complexes, and then transfer them to fixed macrophages in liver and
spleen.?® Through the CA of CR1, C3b is converted to iC3b.7%% iC3b is a ligand
for CR3 and CR4, members of the integrin family of receptors.®’ Their presence,
along with Fc receptors, on tissue macrophages, likely accounts for the transfer of
immune complexes (Table 8.2). Another factor that promotes transfer of immune
complexes from erythrocytes to macrophages is a much lower affinity of CR1 for
iC3b than for C3b. Moreover, CR1 may be cleaved off so that only a stalk, no longer
able to bind immune complexes, remains at the membrane.”

B. HumorAL IMMUNE RESPONSE
1. B-Cell Activation

A growing body of data points to CR1’s participation in multiple aspects of the humoral
immune response (Table 8.2) and is consistent with its presence on immunocompetent
cells. #6071 C3b bound to an antigen serves as a molecular adjuvant, implying that its
receptor, CR1, may also be involved.”” Specifically, C3b covalently linked to antigen
elicits a longer-lasting and higher humoral response in mice, compared even to the
response to an antigen administered in complete Freund’s adjuvant.”> Moreover, anti-
bodies induced by antigen covalently linked to C3b have higher affinity.”> On a molar
basis, C3b is more efficient than C3d, indicating that some of the adjuvant effect is
likely due to C3b as well as its degradation product, C3d.”

a. CR1 and Antigen Recognition and Internalization

Binding to a naive B cell may be improved if antigen is covalently linked to C3b
because, in addition to the B-cell receptor, such a complex also engages CRI1.
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TABLE 8.2
CR1 and the Immune Response

Cell Type CR1 Function(s)

Erythrocytes  Binds C3b/C4b-opsonized immune complexes. Binds C1q and mannan-binding lectin.
Delivers immune complexes to liver and spleen. Has cofactor activity that transforms
C3b to C3bi and then to C3dg. C3bi is a substrate for CR3 and CR4 on mono/M®
and C3bi and C3dg are substrates for CR2.

Mono/M® Binds immune complexes including those released from erythrocytes. Phagocytosis.

PMNs Binds and ingests immune complexes. Copy number up-regulated five- to tenfold
during an inflammatory response.

B cells Binds C4b- and C3b-coated antigens. Produces via cofactor activity C3d, which serves
as a substrate for CR2. Forms a complex with CR2. Augments class switching and
affinity maturation. Facilitates antigen internalization.

FDCs Binds C3b- and C4b-coated antigens and retains them in lymphoid follicles. These
trapped antigens serve in maintenance of immunological memory. Produces C3bi
and C3dg, which serve as substrates for CR2.

T cells Unknown (present on ~15% of peripheral blood T cells).

FDC, follicular dendritic cells; mono, mononuclear cells; M®, macrophages; PMN, polymorphonuclear
leukocytes.

Antigen internalization may be affected as well. In contrast to CR2-expressing mouse
fibroblasts, cells expressing human CR1 internalize C3b.” Coexpression of CR1 and
CR2 increases C3b internalization, suggesting that the two receptors may cooperate
in antigen internalization and B-cell signaling.”* Indeed, a complex between CRI1
and CR2 is present on human B-lymphocytes.”” In the mouse, the relationship
between CR1 and CR?2 is even closer in that a CR1-equivalent region at the amino
terminus is fused to a CR2-like region at the carboxyl terminus.”>7® Although on
mouse B cells CR2 can be expressed without CR1, CR1 on these cells is found only
as a part of the CR1-CR2 fusion protein.

b. Intracellular Processing in B Cells

Covalent binding of C3b to antigen affects intracellular processes, such as trafficking
and binding of antigenic peptides to MHC class II receptor, both of which enhance
the immune response.””’® C3b is instrumental in transporting antigens to endosomes
and ensuring that these antigens are subject to a slow, controlled proteolysis leading
to efficient loading of MHC class I molecules with antigenic peptides. In the absence
of C3b, antigens are subject to a more rapid degradation in the lysosomes.”’

2. B-Cell Proliferation

There are conflicting data on the effect that signaling through CR1 has on B-cell
proliferation. Some reports suggest that CR1 increases B-cell responses, while others
claim that CR1 has no effect or that it inhibits B-cell proliferation.”-%? An inhibition
of pokeweed mitogen—induced antibody production was also reported.?* In addition
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to variations in experimental systems, the B-cell response to CR1 stimulation may
be modulated by availability and concentration of other factors such as cytokines.:

3. Affinity Maturation and Memory

CR1 expression by FDCs suggests that it may play a role in the affinity maturation
of antibodies. CR1 on these cells binds C3b opsonized antigens, thereby trapping
them in the peripheral lymphoid organs where they may provide a continuous
antigenic stimulus for the activated, antigen specific B cells.’ C3b undergoes several
cleavages: C3b —C3bi —C3dg —C3d.?* Each cleavage product serves as a ligand
for one or more receptors. Several cofactor proteins including CR1, MCP, and factor
H are instrumental in generation of C3bi.»> CR1 is the only complement regulator
that in conjunction with factor I converts C3bi to C3dg.>% Other serum proteases
such as trypsin, kallikrein, and plasmin may further cleave C3dg to C3d.” C3dg and
C3d are substrates for CR2 expressed on B cells and FDCs.*” In the mouse model
where CR1 and CR2 functionalities are contained in a single protein, animals were
generated with CR1/CR2 deficiency on B cells, FDCs, or both. The lack of an
interaction of C3dg/C3d with CR2 on B cells impairs antibody responses.®® The
C3dg/CR?2 interaction on FDCs is required for memory induction.?® Moreover, C3d
linked to an antigen is a molecular adjuvant that at low antigen levels reduces by
100- to 1000-fold the amount of antigen required for antibody production and the
antibodies produced have a higher affinity.®

The above discussion emphasizes the participation of CR1 in the humoral response.
Although it has long been known that CR1 is a unique cofactor for C3dg production,
CR1’s effects on antigen binding and possibly its internalization by antigen-presenting
cells are more recent observations. These new findings likely represent just the beginning
of our understanding of the role of CR1 in the humoral immune response.

4. T Cells

CRI1 is expressed on ~15% of peripheral blood T cells (CD4* and CD8* subsets).”"*!
Although CR1’s function on T cells is unknown, C3b-coated antigens could interact
with CR1-expressing T cells and this interaction could enhance a response to T-cell
dependent antigens. Most T cells that express CR1 also express CR2. The two
receptors form complexes and cointernalize.®* This process may be exploited by
lymphocytotropic viruses, such as HIV, because coating with C3 fragments enhances
their entry into T cells.®

C. COMPLEMENT REGULATOR

In addition to its multiple functions described above, CR1 is an inhibitor of com-
plement activation. It facilitates the dissociation of the alternative and classical
pathway C3 and C5 convertases through its DAA.%10 Its other regulatory activity,
CA for the limited proteolysis of C3b and C4b, irreversibly inactivates all conver-
tases. CR1’s CA may contribute to protection of erythrocytes from complement
damage. Although DAF is present on human erythrocytes, MCP is not.” This is
unusual because these two inhibitors are expressed together on most cells and work
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synergistically to inhibit complement.®® Once the smaller catalytic subunit of these
convertases has been dissociated by DAF, the larger subunit, C3b or C4b, becomes
more available for MCP-assisted limited proteolysis.”® In the absence of MCP on
erythrocytes, the concerted action of the DAA of DAF and the CA of CR1 could
be required for efficient deactivation of the convertases. As demonstrated several
decades ago, these regulatory activities of CR1 are also important in maintaining
the solubility and reducing the size of immune complexes.®*

VII. DISEASE ASSOCIATIONS

The relationship between CR1 and diseases is summarized in Table 8.3. In diseases
featuring immune complexes, such as autoimmune syndromes and chronic infec-
tions, reduced CR1 levels correlate with disease activity.”> CR1, like many other
receptors, is exploited by microorganisms. Some intracellular pathogens, such as
Leishmania and Mycobacterium tuberculosis, become opsonized with limited
amounts of C3b, facilitating invasion of phagocytes via CR1.% A recently reported
interaction of P. falciparum-infected erythrocytes with CR1 on uninfected erythro-
cytes will be discussed in more detail.!>!6

A major adhesin, termed P. falciparum erythrocyte membrane protein one
(PfEMP1), is expressed on P. falciparum-infected erythrocytes and binds to CR1
on uninfected erythrocytes. This interaction is an important determinant of rosette
formation between uninfected and infected erythrocytes. Rosetting is characteristic
of some field isolates as well as laboratory strains. Rosetting correlates with severity
of cerebral malaria.”’-® The malarial adhesin binds to site 2 of CR1.'® This inter-
action between PfEMP1 and site 2 does not require C3b, suggesting that binding
between PFEMP1 and CR1 is direct (see below).

As stated earlier, CR1 carries the Knops blood group antigens. Two allelic pairs
in this blood group will be described in more detail because of their potential role
in PfEMPI1 binding. Both antigenic pairs, McC#McC® and Sl:1/S1:2 (formerly
S1#/Vil),'% are due to single amino acid changes in LHR D, more precisely in CCP

TABLE 8.3
Relationship between CR1 and Pathogens/Diseases
Role of CR1 Disease Factor Comments
Invasion of a macrophage. Intracellular microorganisms, M. tuberculosis synthesizes a C2
such as Leishmania, analogue to facilitate invasion.

Mycobacterium tuberculosis

Receptor for adhesin Plasmodium falciparum Variants may have arisen to reduce
expressed by parasite- rosette formation.?
infected erythrocytes.

Reduced erythrocyte CR1 Immune complexes Autoimmune diseases, especially
copy number is a marker systemic lupus erythematosus;
of disease activity. infectious diseases, such as

AIDS, viral hepatitis.

2 Relationship with CR1 is discussed in the text.
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25.%931 Tn each case, a single base pair change, A to G, causes the amino acid change.
The two epitopes are 11 amino acid residues apart. The A to G mutation at nucleotide
4795, causes a K1590E (or K1549E in mature protein numbering system) change,
and defines the McC#McCP polymorphism. (In the original papers correlating Knops
epitopes with an amino acid pair, CR1 numbering began with the first amino acid
of the signal peptide. This numbering for Knops antigens has been retained. In
addition, numbering that starts with the first residue of the mature protein is also
used in order to be consistent with other parts of the chapter.) A mutation at
nucleotide 4828 causes R1601G (or R1560G in mature protein numbering system)
residue alteration, and defines the S1:1/SI:2 polymorphism. The frequency of
McC(b*) and S1:2 phenotypes is greatly increased in malaria-exposed African pop-
ulations as compared to Caucasian and Asian populations (Table 8.1C).!1' This
suggests a selective pressure for McC(b-) and S1:2 (Vil*) in malaria-exposed popu-
lations. The pathophysiologic event proposed to be modulated by these epitopes is
rosetting. Rosetting of erythrocytes carrying the Sl:2 variant is lower compared to
erythrocytes carrying the Sl:1 variant.!> Reduced rosette formation would decrease
the microcapillary occlusion that impairs blood flow in malaria.'®? Further, the
number of the parasites sequestered in the bloodstream (and hence not subject to
destruction in the spleen and liver) would be fewer if rosetting was inefficient.!??

VIII. STRUCTURE-FUNCTION RELATIONSHIPS

As an immune adherence receptor, CR1 binds immune complexes coated mainly
with dimeric or oligomeric forms of C3b and C4b. The affinity of the most common
size-variant of CR1, CR1*1, for C3b and C4b dimers is 0.03 uM and 0.1 to 0.5 uM,
respectively, and its affinity for C3b monomers is 0.6 wM.3%193.10%4 Of four LHRs
present in CR1 *1, LHRs A, B, and C contain sites that interact with C3b and C4b
(Figure 8.1).195-108 A site in LHR A, known as site 1, lies in CCP 1-3. Two nearly
identical copies of site 2 are located in LHR B (CCPs 8-10) and in LHR C (CCPs
15-17). Site 1 binds C4b and, with a much lower affinity, C3b.196.107.199 Thjg site is
also the main site for the DAA for C3 convertases and is necessary, along with site
2, for decaying C5 convertases.!'®

Site 2 is the main site for C3b binding. Its C3b-binding ability is tenfold greater
than its C4b-binding ability.!06107:109 C4b binding by sites 1 and 2 is similar,!06.107.109
although the K, for single LHRs is unknown. Site 2 plays a key role in the binding
of C3b/C4b opsonized immune complexes, and is therefore instrumental in the
removal of foreign antigens from the circulation. Site 2 is also a cofactor for factor
I-mediated cleavage of C3b and C4b. The functional specificity of sites 1 and 2 is
determined by the sequence of their first two CCPs since CCPs 1 and 2 are ~61%
identical (over both modules) to CCPs 8 and 9 (as well as to CCPs 15 and 16), while
the last (third) CCP in all three functional sites differs by only one to three amino
acid residues.'® Homologous substitution mutagenesis of CR1 yielded results that
are consistent with binding surfaces on C3b (and C4b) for sites 1 and 2 being partially
overlapping (Figure 8.2A). Alternatively, there is a common binding surface on C3b
(and C4b) for both sites 1 and 2, but contact points differ (Figure 8.2B).
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C3b

C4b

FIGURE 8.2 Models of site 2 binding to C3b or C4b. In C3b and C4b, binding surface for
sites 1 and 2 may be partially (A) or entirely (B) overlapping. (A) The binding surface on
C3b/C4b for CCP 3 is identical to the binding surface for CCP 17. Two separate surfaces of
C3b/C4b make contacts with the remaining portions of sites 1 and 2; one surface interacts
with CCPs 1 and 2, and the other with CCPs 15 and 16. (B) Binding surface on C3b (and
C4b) for site 1 is largely the same as the binding surface for site 2. Because CCPs 3 and 17
are nearly identical, they may interact with the same amino acids in C3b/C4b. CCPs 1 and
2 are 39% different from CCPs 15 and 16. Therefore, amino acids in C3b/C4b that make
contacts with CCPs 1 and 2 may be different from those that make contact with CCPs 15
and 16. This is consistent with mutagenesis data. In addition, some of the amino acids
conserved in these modules may make contact with the ligand(s). Further mutagenesis is
necessary to test this hypothesis.

The presence of multiple functional sites within a single CR1 molecule permits
multivalent interactions with an oligomeric ligand, increasing the strength of the inter-
action. Clustering of the receptor on the surface of erythrocytes and neutrophils also
facilitates multivalent binding.!'%!'! Moreover, the ligands C3b and C4b are also clus-
tered. Because both binding partners are clustered and CR1 has several binding sites,
multiple interactions are possible: binding of a C3b or C4b monomer to one or more
receptor sites, binding of ligand dimers or oligomers (composed of C3b or C4b only
or of both C3b and C4b to receptor sites on one or more CR1 molecule[s]).

LHR D has been reported to contain sites for an interaction with C1q and mannan-
binding lectin.®>%%112 These interactions are less well studied than those between CR1
and C3b/C4b, and it is not known which CCPs contain the binding domains.
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IX. STRUCTURAL COMPLEXITY OF
CCP-CONTAINING SITES

In almost all cases where ligand binding sites in a CCP-containing protein have been
characterized, two to four CCPs are required.?*2"!13 This implies that not only the
structure of individual CCPs but also the orientation of each CCP relative to its
neighbors is important in producing a binding site. The structures of many CCPs of
complement proteins are known, and the structures of other CCPs can be predicted
with a degree of confidence, but this is not true for the junctions between mod-
ules.3'!3 The orientation of one CCP relative to another is determined by the
sequence and length (three to eight amino acid residues) of the linker, and by the
interactions between the modules themselves. Moreover, the number and strength
of interactions at the junction determines the flexibility of the orientation.?' This in
turn may have major consequences for the functional properties of a site, including
the ability to recognize a binding partner. Where they may be tested against empirical
structures, all modelling attempts to date have failed to predict the relative orientation
of two CCPs correctly.!'? The above discussion illustrates the need for experimental
structure determination of active sites composed of at least two CCPs.

X. STRUCTURE OF SITE 2

Structural studies of CR1 were initiated by focusing on site 2 because it plays the
major role in immune adherence. Another factor that adds interest to the structure
of this site is its previously described interaction with the major adhesin expressed
on the surface of P. falciparum-infected erythrocytes.!>1

To obtain a solution structure of site 2, CCPs 15-17 were produced in the Pichia
pastoris expression system.!!* Initial NMR experiments were performed using a
H,"N,3C-labeled sample consisting of all three CCPs from site 2. The data obtained
allowed for backbone but not for side-chain assignments.?' To obtain full assign-
ments, two overlapping pairs of '*C,"’N-labeled CCPs were used: CCP 15,16 and
CCP 16,17. The structure of the three CCPs was then obtained by overlaying the
backbones of the two CCP 16 structures. CCP 16 is common to both pairs and its
structure was almost identical (root mean square deviation of 0.58 angstroms based
on alpha carbons and excluding disordered residues). Furthermore, the chemical
shifts of modules 15 and 17, derived from the triple module assignments, were found
to be essentially the same as the chemical shifts of these modules within the contexts
of the pairs. This result provides a further justification for the overlay approach, and
implies that CCP 17 is not in contact with CCP 15.

The general features of the CCP structures of site 2 are similar to those of other
CCPs whose structures have been determined'' (see Chapter 2). In each case, the
two disulfide bonds lie at either end of the long axis and the (3-strands run approx-
imately parallel and antiparallel with the long axis such that the connecting loops
are close to the intermodular interfaces. The orientation of CCP 15 relative to CCP
16 is rather well experimentally determined by nuclear Overhauser effect (NOE)-
derived distance restraints between the two modules as well as between the linker
and the modules (Figure 8.3B and C). In contrast, the orientation of CCP 16 relative
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FIGURE 8.3 Structure of site 2. (A) Backbone overlays of NMR-derived structures of CCP
15,16 and CCP 16,17. In each case, 24 structures were overlaid on carbon alpha atoms of
CCP 16 (mean structure). (B) Kraulis representation'® of CCPs 15-17; same view as in (A).
Eight side chains are shown in each module; parenthetical number (-3, +3, +5) indicates
position relative to the conserved Gly at the N terminus of strand D. (C). Structure of the
junctions with backbone trace in red (15,16) or blue (16,17), and side chain atoms colored
green, C; blue, N; and red, O. (Based on Reference 31; see companion CD for color version.)

to CCP 17 is less well defined as there are fewer NOEs available to define the
junction (Figure 8.3A), and fewer interactions between modules are evident within
the ensemble of calculated structures. This implies a lower free-energy barrier to
twist and hinge motions at the CCP 16-17 junction compared to the CCP 15-16
junction. One functional consequence of this flexibility is that a conformational
adjustment involving an intermodular realignment may participate in binding. For
example, the initial interaction with C3b (or C4b) through modules 15 and 16 may
be followed by a twist of module 17 to make additional favorable contacts. It could
be argued that in native CR1, CCP 18 (and subsequent modules) may modulate
flexibility at the CCP 16-17 junction. However, binding and CA of CCP 15-17 and
of LHR C (CCP 15-21) are similar.''4

The orientation of one module relative to its neighbor can be characterized by
three angles: tilt, skew, and twist. The tilt is the angle required to align the long axis
of one module with the long axis of another module; in other words, the angle
necessary to achieve linear arrangement of adjacent modules. The skew angle
describes the direction of the tilt. Twist describes the angle by which one CCP has
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to be rotated along the long axis so that homologous parts of adjacent modules, for
example the hypervariable loop, face in the same direction. A more detailed descrip-
tion and illustration of the angles can be found in Chapter 2). Assuming average
angle of twist among the ensemble of calculated structures, equivalent surface
features of CCPs 15, 16, and 17 face in various directions (Figure 8.3B). Because
in both junctions in site 2 the tilt angles within the ensemble of calculated structures
are ~20° to 30° and both skew angles have (on average) the same direction, the tilt
of CCP 17 versus CCP 15 is 39°.3! Thus, the CCPs are not arranged linearly but
appear to trace a gentle curve.

The results of physicochemical studies of site 2 are in agreement with the general
features of the solution structure. In particular, NMR, intrinsic fluorescence, and
circular dichroism performed at elevated temperatures or in increasing concentra-
tions of guanidinium chloride, as well as differential scanning calorimetry, indicated
more extensive contacts at the CCP 15-16 than at the CCP 16-17 junction.!'!*-!16
Moreover, sedimentation velocity data implied an extended arrangement of inde-
pendently structured modules under nondenaturing conditions.!'” Such agreement
between the solution structure and physicochemical measurements is especially
important in light of the lack of a similar agreement for CCPs 1 and 2 of CR2. The
structure of CCPs 1 and 2 of CR2, with and without its ligand C3d, was solved by
crystallography!'®!!? (see Chapter 6). The high-resolution solution structure is not
available, but low-resolution studies based on scattering indicated an elongated
structure!'$120.121 rather than the V-shaped structure obtained in the crystal. This
discrepancy may arise from the stabilization of one of many conformational possi-
bilities by crystal-packing forces or may be due to the conditions required for crystal
growth. Another example of such a discrepancy was observed when the NMR and
x-ray structures of Vaccinia virus complement control protein (VCP, sp35) were
compared.'?>!23 These observations illustrate the importance of using complementary
biophysical techniques in structural studies of these elongated proteins that have
potential for junctional flexibility!'® (see Chapter 2).

XI. EMERGING PICTURE OF C3b/C4b BINDING
SURFACE OF SITE 2

Obtaining the solution structure of site 2 allowed for a more thorough interpretation
of the previously available mutagenesis data. Moreover, a new set of mutations aimed
at better defining the binding surface was designed. In the initial, ‘prestructure’
period, homologous substitution mutagenesis was employed to minimize the risk of
disrupting structural integrity. The first two CCPs in site 2, that is, 8 and 9 as well
as 15 and 16, are 61% homologous to CCPs 1 and 2, their equivalents in site 1.
Substitution mutagenesis was performed by interchanging amino acids in the homol-
ogous positions between sites 1 and 2.!9%1% The mutants were assessed for gain or
loss of function. This approach proved fruitful. The most informative mutations were
those in which a gain of a function by site 1 coincided with the loss of function in
a reciprocal mutant in site 2. Because the third CCP of site 1 differs by only one or
three amino acids from the third CCP of site 2, a different approach was required.
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Therefore, amino acids from CCP 10 of CR1 were replaced with those from equiv-
alent positions of CCP 3 from CR2. CCP 3 from CR2 was chosen because this
module does not participate in the C3-related functions of CR2.26.27

A. INTERPRETATION OF ‘PRESTRUCTURE’ MUTAGENESIS DATA

In CCP 16, two individual substitutions, N1009D and K1016E, led to a loss in site
2 of iC3 (iC3 is a form of C3 that, as a result of a hydrolysis of the thioester bond,
has a conformation and reactivity similar to that of C3b) and C4b binding as well
as a loss of CA for both ligands (Figure 8.4, Table 8.4A, C).!%7 (Because the solution
structure was obtained for CCP 15-17, in the following discussion of C3b/C4b-
binding surface in site 2, amino acid numbers in CCPs 15-17 will be used. However,
in most mutants, equivalent residues in CCPs 8—10 were altered. Their numbers are
450 less than those in CCPs 15-17. For example, Asn559 in CCP 9 is equivalent to
Asnl1009 in CCP 16.) Reciprocal mutations produced a gain of some of these
functions in site 1.3119%19 For example, D109N increased C3b binding by site 1.
Interestingly, it also increased two- to threefold the DAA of site 1 toward both C3
convertases, although site 2, which is the source of the Asn, has barely detectable
DAA for the C3 convertases.'® Mutation E116K also conferred C3b binding on site
1 and increased its CA for C3b and C4b. These data strongly suggest that Asn1009
and Lys1016 are involved in the activities of site 2 and may be contact points. This
was further supported by the 3D structure of site 2 which showed that the side chains
of these two residues are solvent exposed on the same face of CCP 16 (Figure
8.4C).3! That Asn1009 from site 2 should increase DAA of site 1 suggests that the
Asn may alter the CCP 1-2 junction, and this in turn leads to an increase in DAA.

In the case of CCP 15, no homologous amino acid substitution led to a major
loss of functionality in site 2. One mutation, Y937S, moderately reduced C3b binding
and CA for C3b cleavage (Table 8.4C).!%7 In the light of the structure of site 2, this
loss of functionality may be attributed to a change in the CCP 15-16 junction
structure because Tyr937 is in contact with linker residues (Figure 8.4, Table 8.4C).%!

In CCP 17, mutation Y1046P caused a decrease in C3b/C4b binding, but its
major effect was on the CA for C3b and C4b (Figure 8.4, Table 8.4A).'>* In addition,
mutation Y1046P reduced binding of the function-blocking monoclonal antibody
3D9.12* The structure of site 2 revealed that Tyr1046 is partly buried, and has NOE
contacts with residues at the CCP 16—17 junction as well as with several amino acid
residues in CCP 17 (Figure 8.3C and 8.4).3! For these reasons, it is difficult to
distinguish among the possibilities: Tyr1046’s contribution to the framework of CCP
17, a role in orientation of CCP 16 relative to CCP 17, or a direct interaction with
C3b/C4b.

Mutation of the three residues, P1070K, S10711, and Y1073N in CCP 17, led
to a near abrogation of the activities of site 2 (Table 8.4A)."?* If a single mutation
P1070K was made, there was a partial loss of C4b — but no change in C3b-related
activities (Table 8.4B).'?* This suggests that one or both of the remaining residues,
Ser or Tyr, changed in the triple mutant P1070K, S10711, Y1073N, and plays a role
in the activity of site 2. Further mutagenesis is required to assess this possibility.
Interestingly, all three amino acid residues are located on the face opposite to that
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FIGURE 8.4 Characteristics of the binding surface of site 2. Functionally important amino
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positively charged. Several amino acid residues important for binding are indicated. (See
companion CD for color version.)
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Main Structural Features of Site 2

e Site 2 is composed of three tandem CCPs (8-10 or 15-17) that trace a gentle curve.

¢ (C3b and C4b are likely to make contact with each of the three CCPs of site 2.

¢  Amino acid residues involved in the site 2 ligand interface are charged or polar. In addition,
hydrophobic residues may contribute to the receptor—ligand interaction.

¢ Due to twist between adjacent modules, corresponding features of the modules face in different
directions.

¢ The CCP 15-16 junction is relatively well defined, while the CCP 16-17 junction is poorly
defined.

occupied by Asn1009 and Lys1016, residues in CCP 16 critical for the activity of
site 2, discussed above (Figure 8.4).3!

Of considerable interest are Thr1039 and Arg1041, which play an important role
in C3b binding, but only a minor role in C4b-dependent functions (Table 8.4A).'2*
The two amino acid residues are solvent exposed and are located on the “edge” of
CCP 17.3' Argl053, located on the “back” face of site 2 (Figure 8.4), participates
in ligand binding (Table 8.4A).3112* Taken together, these data suggest that, in CCP
17, the face opposite to that occupied by Asn1009 and Lys1016 may interact with
the ligand.’!

In addition to providing data on structural requirements for the activities of site
2, analysis of the mutants permitted localization of the epitope of 3D9, a monoclonal
antibody that blocks all activities of site 2 as well as of site 1. Mutation R1053S
abrogated, and mutation P1070K reduced, 3D9 binding.'>* Thus, it is likely that
Argl053 is a part of the 3D9 epitope while Pro1070 is a part of or lies near the
epitope (Figure 8.4). That the 3D9 epitope may be mapped to, or close to, the residues
required for the functional activity of site 2 explains the inhibitory effect of this
antibody.'?*

The effect of mutations in the linker sequences was also tested. Mutation of
CCP 15-16 linker amino acid residues, “°KRK?!, to isoleucines abrogated activities
of site 2 (Table 8.4C) (M. Krych-Goldberg and J.P. Atkinson, unpublished data). It
is not known whether these linker residues fulfill a role other than contribution to
the junction structure.

To investigate the role of the CCP 16-17 linker, a mutant carrying two substi-
tutions, [1023A and P1024A, was made.!>* Although these mutations have a minimal
effect on ligand binding, they abrogate CA of site 2 for C3b/C4b (Table 8.4C).'2*
Therefore, it is possible that Ile1023 and Pro1024 play a role in the interaction of
site 2 with factor I rather than C3b or C4b.'?* Because each of these two residues
interacts with amino acid residues in the bodies of CCPs 16 and 17, mutation of
[le1023 and Pro1024 may change the orientation or level of flexibility at the 16—17
junction that is critical for function (Figure 8.3).3!

In several other cases, mutation of amino acid residues that contribute to inter-
modular junctions had little or no effect on functionality of site 2. For example,
affinity for ligand and CA of the double mutant, T992K,H994Y, are not reduced,
although Thr992 in module 16 is in contact with Phe1046 in the body of module
17 and His994 in module 16 is in contact with linker residues at the CCP 16-17
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TABLE 8.4
Characterization of Selected Mutants in Site 2

A. Amino Acids Likely Involved in lonic or Hydrogen Interactions with C3b/C4b

Rationale for Amino Acid Functional

Mutation(s) CCP(s) Mutagenesis Location Effect Comments

K912E, 15 Structure shows that Front face Abrogates Positively charged
K914E, these amino acids (C4b) or patch contributes
R933E form a patch. reduces (C3b)  to ligand binding.

binding.

K912E, 15, 16 As above. Front face, Abrogates K964 contributes to
KO914E, edge (C4b) or C3b binding.
R933E, reduces (C3b)

K964E binding.

K912Q, 15 To assess the possibility Front face Abrogates
K914Q, that a loss of function (C4b) or
R933Q was a result of charge reduces (C3b)

reversal, amino acids binding.

from the first example

were replaced with

uncharged residues.

K912Q 15 To test individual Front face C4b binding Unless otherwise

residues. reduced. stated, in the
examples below,
CA parallels the
changes in ligand
binding.

K914Q 15 As above. Front face No change in

binding.

R933Q 15 As above. Front face C4b binding

reduced.

R939Q 15 To test effect of another  Front face C3b/C4b

positively charged binding
residue reduced.

K955Q 15 To test if the back face Back face C3b/C4b

may also participate in binding
binding. reduced.

N1009D 16 Homologous Front face Loss of a N1009 is solvent

substitution C3b/C4b exposed.
mutagenesis replacing binding. Reciprocal

amino acids in site 2
with their counterparts
from site 1.

mutation in site 1,
D109N, confers
binding, CA and
enhanced DAA on
site 1. This suggests
that N1009 is a
contact point.
(continued)
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TABLE 8.4 (CONTINUED)
Characterization of Selected Mutants in Site 2

A. Amino Acids Likely Involved in lonic or Hydrogen Interactions with C3b/C4b (Continued)

Rationale for Amino Acid Functional
Mutation(s) CCP(s) Mutagenesis Location Effect Comments
K1016E 16 As above. Front face Loss of a K1016 is solvent
C3b/C4b exposed.
binding. Reciprocal
mutation in site 1,
E116K, confers
binding, CA and
enhanced DAA on
site 1. K1016 is a
likely contact
point.

Y1046P 17 Homologous Back face Reduces CA, Y1046 plays a
substitution only minor structural role,
mutagenesis replacing decrease in contributes to the
amino acids in CCP 17 binding. CCP 16-17
of site 2 with their junction and/or
counterparts from may interact with
CCP 3 of CR2. the ligands.

P1070K, 17 As above. Back face Nearabrogation Because P1070 has

S10711, of the no major role in
Y1073N functionality C3b-related
of site 2. functions (see part
B), S1071 and/or
Y 1073 may be part
of a C3b-binding
surface.

T1039E 17 As above. Edge A substantial

loss of C3b
and a partial
loss of C4b
binding.

R1041V 17 As above. Edge A substantial

loss of C3b
and a partial
loss of C4b
binding.

R1053S 17 As above. Back face C3b and C4b

binding
reduced.

(continued)
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TABLE 8.4 (CONTINUED)
Characterization of Selected Mutants in Site 2

B. Amino Acids Likely Involved in Hydrophobic Interactions with C3b/C4b

Rationale for Amino Acid Functional
Mutation CCP(s) Mutagenesis Location Effect Comments
P1070K 17 As above. Back face A moderate P1070 may play a
loss of C4b structural role,
binding, near  and/or interact
abrogation of ~ with C4b.
CA for C4b.

F1064A 17 Structure based; to Front face C3b/C4b Although F1064 is
check on a binding close to the CCP
contribution of reduced. 17-18 junction,
hydrophobic amino loss of function in
acids. this mutant is

probably unrelated
because CCP 18 is
not required for
function.

C. Junctional Amino Acids

Rationale for Amino Acid  Functional
Mutation CCP(s) Mutagenesis Location Effect Comments
K9591, CCP Testing junctional Side chains  Loss of all Structure of the

R9601, 15-16 amino acids. Ile was project in activities of junction critical
K9611 junction  chosen because it has  different site 2. (M. Krych-

a long aliphatic chain  directions. Goldberg and J.P.

as do Lys and Arg but Atkinson,

no charge. unpublished).

Y937S 15 Homologous Back face A moderate Y937 contributes to
substitution reduction in the CCP 15-16
mutagenesis; binding and junction.
replacing amino acids CA for C3b.
in site 2 with their
counterparts from site
1.

11023A, CCP Homologous 11023 mostly Near CCP 16-17 junction

P1024A 16-17 substitution buried, abrogation of  is particularly
junction  mutagenesis; P1024 on CA, but a important for CA.
replacing amino acids  the front smalleffecton  Since this junction
in CCP 17 of site 2 face. binding. is poorly defined,

with their counterparts
from CCP 3 of CR2.

its flexibility may
be critical.

CA, cofactor activity; DAA, decay-accelerating activity; CCP, complement control protein repeat.
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junction (Figure 8.3).21:197 Other examples include V982F that does not alter func-
tionality of site 2 despite Val982 in CCP 16 interacting with residues in the CCP
15-16 linker as well as with residues in the body of module CCP 15 (Figure 8.3).1%7
Mutation E935G in CCP 15 (close in space to Val982) is another instance of a
junction residue mutation that does not affect function (Figure 8.3).3"1%7 Thus, some
mutations of residues important for the structure of the junctions clearly do not
produce changes that interfere with site 2’s functionality. Interestingly, two reciprocal
mutations in site 1, F82V and G35E, have profound effect on functionality of site
1.108.109 The CCP 1-2 junction may be less tolerant of changes than the CCP 15-16
junction. Alternatively, reciprocal mutations in site 1 may cause more profound
structural changes in the CCP 1-2 junction.

B. STRUCTURE-GUIDED MUTAGENESIS

Further mutagenesis was guided by the structure of site 2.3! Buried amino acid
residues were not considered as candidates. Junctional residues were also excluded
because — as already mentioned — it is not possible to distinguish whether an
effect of the mutation is due to a change in the orientation of the two CCPs, or to
loss of a specific contact. The above criteria allowed study of residues in CCPs 15
and 16 that are conserved in CCPs 1 and 2 and were not analyzed initially. Fur-
thermore, because functionally important Asn1009 and Lys1016 were shown to be
exposed on one face, this face became the main focus of further studies (Figure
8.4).3! Much biochemical data — for instance, decrease in binding affinity at
increasing salt concentrations,'®®12* pH dependence,'” a likely participation of
C3b’s negatively charged amino acid residues'?® and CR1’s positively charged
amino acid residues — suggested that ionic interactions play a major role in
C3b/C4b binding by CR1. Therefore, positively charged amino acids in site 2
received special attention.

Because no potential contact points had been previously identified in CCP 15,
this module was analyzed by structure-guided mutagenesis. A cluster of three pos-
itively charged amino acid residues in CCP 15 — Lys912, Lys914, and Arg933 —
were all mutated to Glu (Figure 8.4, Table 8.4A). This resulted in a complete loss
of C4b binding and a partial loss of iC3 binding.?' If one more mutation, K964E in
CCP 16, was added, a further decline in iC3 binding was detected (Figure 8.4, Table
8.4A).3! An even greater reduction was observed if a fifth mutation, K1016E in CCP
16, was added (Figure 8.4, Table 8.4A).3! Thus, mutations of five positively charged
amino acid residues in CCPs 15 and 16 — Lys912, Lys914, Arg933, Lys964, and
Lys1016 — located on one face of site 2, produced a profound effect.>! Because
several reversal-of-charge mutations might reduce binding by site 2 as a result of
nonspecific electrostatic repulsion of the ligand, Lys912, Lys914, and Arg933 were
all changed into uncharged GIn. The effect was the same as in mutant K912E,
K914E, R933E (Figure 8.4).12” Consequently, loss of functionality in mutant K912E,
K914E, R933E is not attributable to a simple electrostatic repulsion. These results
suggest that at least one of the three positively charged amino acid residues, Lys912,
Lys914, and Arg933, interacts directly with C3b as do Lys964 and Lys1016, and
that binding is mediated through several contact points over an extended surface
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encompassing two modules. In addition to Lys912, Lys914, and Arg933, one more
amino acid residue in CCP 15, Arg939, was subsequently demonstrated to be impor-
tant for binding (Figure 8.4, Table 8.4A)."?” A patch containing K912E, K914E, and
Arg939 could occupy one face of the module, but it is also conceivable that a larger
contact patch wraps around the module and could encompass all positively charged
residues.

In another set of structure-guided analysis, exposed hydrophobic residues were
the focus. The side chain of Phe1064 in CCP 17, exposed on the front face, was shown
to be necessary for binding (Figure 8.4, Table 8.4B).'?” While Phe1064 is exposed in
the solution structure of CCPs 15-17, it could be involved in the CCP 17-18 junction
in intact CR1. However, in the functional assays, CCP 18, and by extension, the CCP
17-18 junction, is not required. These data imply that, in addition to ionic interactions,
hydrophobic contacts could contribute to binding. The structure of CCP 15-17 reveals
a hydrophobic patch lying between residues 973 and 977 with almost fully exposed
side chains of Met973, His975, and 11e977, and a partly exposed Val972.3! This cluster
warrants further investigation to assess the possibility that exposed hydrophobic amino
acid residues could interact with hydrophobic residues in C3b/C4b. In addition,
Pro1070, which is exposed and lies near Phe1064, may be involved in C4b binding
and in CA for C4b (Figure 8.4B).'>* However, iC3 binding and CA for C3b are not
affected by mutation P1070K (Table 8.4B). This indicates that, even if the mutation
affected the structure of CCP 17, a major structural change is unlikely since an intact
module 17 is needed for C3b binding.

Thus, the structure determination of CCP 15-17 allowed for the identification
of solvent-exposed side-chains whose subsequent mutagenesis indicated a role in
binding. One should bear in mind, however, that even surface side chains may be
important in folding pathways and/or structural integrity. Therefore, structural integ-
rity of the proteins in which mutations of such residues produced major effects will
need to be confirmed by biophysical techniques.

C. SUMMARY OF SITE 2

The binding surface of site 2 for C3b/C4b appears to extend over three CCPs, and
multiple amino acid residues in each module are important for binding. Predictably,
both junctions are functionally important, as demonstrated by a loss of various
activities of site 2 if either linker was mutated'” (M. Krych-Goldberg and J.P.
Atkinson, unpublished data). A striking feature of the binding surface of site 2 is
the involvement of numerous positively charged side chains. Thus, Lys912, Lys914,
Arg933, and Arg939 are required for binding in CCP 15.31:127 CCP 16 contains two
charged residues, Lys1016 and Lys964, and one polar residue, Asn1009 while CCP
17 carries one charged residue, Arg1053, necessary for binding.3!-107-10%.124127 Three
additional positively charged amino acid residues that seem to play a role are present
at the CCP 15-16 junction (Table 8.4C) (M. Krych-Goldberg and J.P. Atkinson,
unpublished data). In addition to ionic interactions, discussed above, arginines fre-
quently form hydrogen bonds that are likely to contribute to ligand binding.
Mutagenesis and structural studies also demonstrate that, in addition to the well
documented contribution of electrostatic interactions to binding of C3b and C4b,'?*
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hydrophobic interactions may play a role as well. Thus, hydrophobic Phe1064 is
required for the activities of site 2 (Figure 8.4A, B, Table 8.4B).'?” In addition,
Pro1070, which is fully exposed and lies near Phe1064, is involved in C4b binding,
and especially in CA for C4b (Figure 8.4B, Table 8.4B).!1>* The presence of an
exposed patch in CCP 16 containing Met973, Val974, Val976, and 11e977 further
suggests that hydrophobic interactions participate in ligand binding.

Another feature of the binding surface is a distribution of the functionally
important amino acid residues on the front and back faces. Thus, Lys912, Lys914,
and Arg933 of CCP 15, and Asn1009 and Lys1016 of CCP 16, lie on the front face,
while Lys955 in CCP 15 and Thr1039, Arg1041, Argl053, and Phe1064 in CCP 17
occupy the back face (Figure 8.4A, B).31107.124 The presence of functionally important
amino acid residues on both front and back faces suggests that C3b and C4b may
wrap around site 2, not inconsistent with the large size of these ligands (170/180
kD). C3b/C4b could create a groove or valley in which site 2 is bound, contacting
both of its faces.

Mutual recognition of two proteins during binding reaction is a dynamic, mul-
tistage process in which local mobility of the elements that contribute to the binding
site is likely to be important. When backbone dynamics studies of CCP 16 were
performed, one face of CCP 16 appeared rather rigid. By contrast, the loop containing
Asn1009 is dynamic and shows evidence of conformational exchange. This mobility
may have functional significance.!?’

XIll. COMPARISON OF SITE 2 WITH OTHER
FUNCTIONAL SITES IN RCA PROTEINS

A. ComprarisON TO THE DAF SiITE FOR THE DECAY OF THE
CrassicAL PATHWAY C3 CONVERTASE

Among RCA proteins, the structures of three sites that interact with C3b and/or C4b
and their fragments have been determined. Two of them, CR1’s site 23! and DAF’s
site for dissociating the classical pathway convertase’® bear some similarities and
will be compared below. The C3d-binding site in CR2 is very different from the
other two sites,''>!28 and will be only briefly commented on here since it will be
dealt with in depth in Chapter 6).

A common feature of CR1’s site 2 and DAF’s site for the classical pathway
convertase is the presence of potential contact points on more than one face (Table
8.5).33:129 Also, the requirement for a positively charged linker between the two CCPs
of the active site and for the conserved Arg (Arg933 in CCP 15 of CR1’s site 2 and
its homologue, Arg96, in DAF’s CCP 2) close to that linker, is common to both
Sites.31’l30

However, the two sites differ in several ways, including in their junctions. In
site 2’s CCP 15-16 junction, the linker LysArgLys, forms part of a relatively inflex-
ible junction.’! In DAF, the CCP 2-3 junction, with a linker composed of three Lys,
and therefore similar to the one between CCP 15-16, is very flexible.?® Its flexibility
is similar to that of the CCP 16-17 junction, although the sequence of the CCP16-17
linker, ArgllePro, is distinct.! This demonstrates that, in addition to linker residues
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themselves, amino acid residues within the modules contribute to intermodular
orientation and to flexibility of adjacent CCPs.

One major difference between site 2 of CR1 and DAF’s site for the classical
pathway convertase is the number of CCPs required for the activity: three CCPs are
required for all activities of site 2 of CR1, whereas two CCPs are required for the
dissociation of the classical pathway convertase by DAF.10%131.132

B. CoMPARISON WITH OTHER SITES

Based on the discussion above, the number of CCPs required for functionality varies
among sites. Sites 1 and 2 in CR1, the binding site in C4b-binding protein, and the
site in DAF for the alternative pathway C3 convertase, extend over three CCPs (Table
8.6).107-109.13L.133 For dissociation of the classical pathway C3 convertase two CCPs
of DAF are sufficient. In factor H, three nonoverlapping C3b-binding sites are
composed of two to four CCPs (Table 8.6).2*

A common feature of the active sites of CR1, DAF, and C4b-binding protein is
the requirement for a positively charged junction, as ascertained by site directed
mutagenesis (Tables 8.4 and 8.6'31:134135 and M. Krych-Goldberg and J.P. Atkinson,
unpublished data). However, similar linkers are found between CCPs that are not
involved in functional activity.

Based on the extensive mutagenesis studies, it is clear that the surface of MCP
which interacts with C3b and C4b occupies a large area, including the amino-
terminal portion of CCP 3 and almost the entire length of CCP 4.!35 Many residues
contribute to the binding surface. However, because the structure of this portion of
MCP is not available and modeling of the junctions is unreliable, the picture of the
ligand-binding surface is tentative. Even less data are available for the C4b-binding
protein, where mutagenesis studies were limited to the CCP 1-2 junction (Table
8.6).% There are no mutagenesis or high resolution structural data for the three C3b-
binding sites of factor H.

In addition to the solution structure of the active sites of CR1 and DAF, crystal
structures of deglycosylated CCPs 1 and 2 of CR2, with and without the ligand,
C3d, have been solved.!'*!?8 The eight amino acid—long linker between CCPs 1 and
2 equals the maximum length of linkers observed among the RCA proteins. This
long linker folds back on itself, and the two CCPs form a V-shape in both crystal
structures (Table 8.5).!1%128 The contact surface with C3d appears to be limited to
CCP 2 only, suggesting that CCP 1 is required for the correct orientation of CCP 2
and possibly for its structure, particularly at the junction with CCP 1'" (see Chapter
6). However, some aspects of the structure of the C3d-binding site were questioned
when computer modeling of a glycosylated form of the binding site was per-
formed.!*® An N-linked sugar, also present in native CR2, limits folding back of the
linker, yielding a junction more similar to other known inter-CCP junctions. This
results in a more extended structure of CCPs 1 and 2, which is in a better agreement
with physicochemical data.!'®!2! C3d binds both to glycosylated and deglycosylated
forms of CCPs 1 and 2. If structural differences between glycosylated and degly-
cosylated forms do indeed exist, they appear not to have a major impact on ligand
binding.
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TABLE 8.6
Characteristics of Functional Sites of RCA Proteins for Which a High-
Resolution Structure Is Not Available

Active Site
Protein  Function(s) ccp Comments References
CR1 DAA, C4b binding 1-3 Several features, including the 109, 130
requirement for a positively
charged junction between the
first two CCPs of the active site,
are common with DAF.
Clq and mannan-binding  22-28 Overlapping sites. 64, 66, 112
lectin CCP 25 is location of “African” 50, 51
specific blood groups.
DAF CD97 binding 1 140, 141
MCP C3b/C4b binding, CA 2-4 Sites for C3b and C4b are partly 135
overlapping. Ionic and possibly
hydrophobic interactions. More
amino acids required for CA for
C4b than for C3b, reminiscent of
DAF where more amino acids
are required for DAA for the
classical than for alternative
convertase. Amino acids at CCP
1-2 junction are critical for C4b
and heparin binding.
C4BP C4b binding, CA, DAA, 13 134, 142-145
heparin binding
C3b binding, CA 1-5 134, 144
CD40 Unknown 146
Factor H C3b binding, CA, DAA 14 147-151
Heparin binding 7 148, 152, 153
C-reactive protein binding 7-11 153
C3c and heparin binding  12-14 149
C3d binding 19-20 149
Adrenomedullin 15-20 and 8-11 154
Sialic acid 16-20 155
Heparin binding 20 148

C4BP, C4 binding protein

Although surface proteins of many microorganisms interact with RCA proteins
(Table 8.7), high-resolution structures are known only for sites binding measles virus
in MCP,'*” EBV in CR2,!28 and echoviruses 7 and 12 in DAF.!1%:138 A]]l of these
microbe-interacting sites partly overlap natural ligand-binding sites.
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TABLE 8.7
Characteristics of Pathogen-Binding Sites of RCA
Proteins for Which a High-Resolution Structure Is Not

Available
Pathogen Interactions
Protein  Pathogen cce References
MCP Streptococcus pyogenes 3,4 156, 157
Neisseria gonorrhoeae 3 158, 159
Adenovirus Unknown 160
Herpesvirus 2,3 161
C4BP N. gonorrhoeae, Bordetella 1-2 162
pertussis, S. pyogenes
Escherichia coli K12 3 163
Moraxella catarrhalis 2 and 7 A.Blom, personal
communication
Factor H  Borrelia 7 164
Candida albicans 6, 7 and 165
19-20
Streptococcus pneumoniae  8-11 166
S. pyogenes 6-10 167-169
N. gonorrhoeae Unknown 170
Onchocerca volvulus 8-20 171
Yersinia Unknown 172
HIV Unknown 173

XIll. FUTURE DIRECTIONS

Major progress has been made toward understanding structure—function relationships
for the three CCPs of CR1 that are responsible for immune adherence. In this regard,
the strategy of the homologous substitution mutagenesis proved to be a fruitful initial
step.107:108124 The subsequent determination of site 2’s structure allowed for a new
approach and for new insights into earlier data. The emerging picture of the func-
tional surface suggests that it is extensive and further studies are required to under-
stand the mechanism of interaction of site 2 with C3b and C4b. In the future, new
NMR methods will be used that allow for a definition of contact points. Studies of
mobility of structural elements within CCPs as well as studies of intermodular
mobility also will be undertaken. The structure determination of site 1 of CR1 is in
progress. Homologous substitution mutagenesis has already yielded important infor-
mation.!07198.124 Fyrther structural studies will involve binding sites for Clq and
mannan-binding lectin,®% following their localization to CCPs within LHR D.
Moreover, the structure of CCP 25, the site of several Knops blood group epitopes
that may modulate rosetting with P. falciparum-infected erythrocytes, will be inves-
tigated.!>05! X-ray crystallography of intact proteins complexed with their ligands
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will also prove fruitful. New, more powerful methods will be needed to allow for
studying transient complexes, such as those between classical or alternative pathway
C3 convertase and site 1, or a complex between factor I, C3b (or C4b), and site 2.

SUPPLEMENTARY MATERIAL ON CD

All figures, including Figures 8.3 and 8.4 in color, and their corresponding captions
are supplied on the companion CD.
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I. INTRODUCTION

Decay-accelerating factor (DAF) or CD55 was first described by Hoffmann' as an
activity associated with erythrocytes that inhibited lysis of antibody-sensitized sheep
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erythrocytes by guinea pig complement. This activity was found in the aqueous
phase of a butanol extract of human erythrocyte membranes."? Subsequently, Hoff-
mann and Etlinger demonstrated that similar activities could be extracted from
erythrocytes of other species,® and this led to the first protein chemical character-
ization of DAF from guinea pigs together with the demonstration that it acted on
C3 convertases.*> The realization that DAF was an integral membrane protein whose
absence from erythrocytes was associated with paroxysmal nocturnal hemoglobin-
uria,®’ and the demonstration by Medof et al. that extracted DAF could be reincor-
porated into membranes and restore protection against complement activation® pro-
vided not only a clear link with disease but also flagged the potential of DAF for
therapy. That possibility was strongly advanced by the cloning of the molecule by
two groups in 1987.%:10

DAF (CD55) regulates both the alternative and classical pathways of comple-
ment by accelerating the decay of the two C3 convertases.® It performs this function
in an intrinsic fashion, being expressed at a high copy number on the surface of
most serum-exposed cells,'%!2 thus preventing amplification of complement on these
cells. CD55 also participates in many noncomplement (non-C) interactions (Figure
9.1). It has been known for some time that, as for many other regulators of comple-
ment, a range of viral and bacterial pathogens'>-!> have evolved to take advantage
of cell-surface CD55 to promote cellular adhesion (and often invasion) and recently
another non-C interaction has been defined for CD55 with the identification of a
new host ligand — CD97.'¢!7 CD97 is a molecule whose expression on the surface
of leucocytes is massively up-regulated'® following leukocyte activation, and
although the physiological consequences of a CD55-CD97 interaction are still to
be defined, the characteristics of the protein—protein interaction have been much
studied.

This chapter will attempt to bring together recent data concerning CD55 structure
with a mass of functional data relating to the full range of its biological interactions
to give our most complete view of the biology of this fascinating molecule.

II. DOMAIN STRUCTURE OF CD55

CD55 is an extracellular glycoprotein with an M, of approximately 70,000 attached
to the cell membrane by a glycosyl phosphatidylinositol (GPI) anchor.'*?! CD55
belongs to the RCA (regulators of complement activation) family,?? a group of closely
linked genes on chromosome 1,2 which are built almost entirely from a small protein
module termed a short consensus repeat (SCR, also known as CCP, complement
control protein module).?® As shown in Figure 9.2, SCRs are small (~60 residues)
modules containing four completely conserved cysteines and a generally conserved
tryptophan which nuclear magnetic resonance (NMR) and x-ray crystallographic
structures>+2® have shown are essential for maintenance of the -barrel architecture
of the module. The (3-strands are tied together at the top and bottom of the module
via two intramodule disulfide bonds. Other than these key residues, few positions
show significant levels of conservation and reflect the adaptability of this module
to a wide range of functions, the module architecture being compatible with many
different amino acid sequences.
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PATHOGEN-DAF INTERACTION

CD97-DAF INTERACTION

Activated

Leucocyte DECAY

ACCELERATING
FACTOR (CD55)

e

-—
N-glycosylation
)

E. coli
bearing Dr
adhesins
O-glycosylation
GPI
anchor
C2a/Bb
CONVERTASE-DAF INTERACTION
—

Active C3
Convertase

FIGURE 9.1 A summary of CD55 interactions on a domain per domain basis.

As for most other RCA family members, CD55 contains multiple copies of the
SCR module (four in total) with specific biological functions generally mapping to
more than one SCR domain (Table 9.1 and Figure 9.2). For this reason, knowledge
of the orientation of the SCRs with respect to each other and of the inherent flexibility
of the SCR-SCR junctions is crucial to understand the precise structural basis for
the biological functioning of CDS5S.

11I. ATOMIC STRUCTURES FOR CD55

The past 2 years have seen a rapid increase in our knowledge of the atomic structure
of CD55 with data provided by both of the major high-resolution structural tech-
niques (NMR and x-ray crystallography). We will here briefly describe the structures
determined, and try to combine the information provided to yield a complete picture
of the structural character of the CD55 SCR domains. Table 9.2 lists the Protein
Data Bank (www.rcsb.org) identifiers for all CD55 structures determined to date.

A. X-rAY STRUCTURE FOR CD55;,

The first atomic structure for any portion of CD55 was for the two membrane
proximal domains (SCRs 3 and 4, Figure 9.3a). This structure?® was obtained by
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FIGURE 9.2 The architecture of SCR domains (specifically SCR3 from the structure of
CD55,,5,%). The classical SCR topology consists of two antiparallel B-sheets. The first large
sheet is formed by four strands — specifically strands 1, 2, 4b, and 5a. The second smaller
sheet is formed by strands 4a and 5b. “Strand 1” does not adopt a classical pattern of hydrogen-
bonds in this SCR, and so is not illustrated as a strand. Strands are labeled according to the
convention of Norman et al.® The proportion of the structure involved in the secondary
structure is 40.2%, and the rest comprises loops, turns, and linkers. Two disulfide bonds are
also shown together with a conserved tryptophan residue. The disulfide bonds pull together
the antiparallel -sheets, which then lie parallel to the long axis of each domain and surround
a well-defined hydrophobic core of which the tryptophan residue forms the major part.

crystallizing a two-domain construct overexpressed with a polyhistidine tag in Pichia
pastoris. This construct contained two of the domains required for complement
regulatory activity, but was not itself active in regulating complement — although
pathogen-binding activity was demonstrated for both viral*® and bacterial pathogens
(J. Billington, personal communication). Although Pichia are able to add simple
sugars to expressed proteins, this construct did not contain any glycosylation sites
and therefore did not contain any nonprotein atoms. Crystals of four different forms
were grown, yielding a total of five independent views of these domains. The
structure seen showed SCRs 3 and 4 to adopt classical SCR domain structures and
to be arranged in a highly linear fashion with very little variation seen in the
interdomain angle between the different crystal structures. We interpreted this
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TABLE 9.1
Mapping of Biological Activity to the Different SCR Domains of CD55
SCR 1 SCR 2 SCR 3 SCR 4
Natural Functions | CD97 binding
(16,17,58)
Anti-adhesive properties (47)
Alternative pathway decay acceleration (29,39,40)
Classical pathway decay acceleration
(29,39,40)
Virus binding Coxsackievirus
(e.g., 14,30,35, A21
48,49,50,51,52,53) Enterovirus 70
Coxsackievirus B3

Echovirus 7
Echovirus 12

E. coli binding Dr adhesins

(e.g., 54, 55, 56) X adhesins

Afa adhesins
F1845 adhesin

TABLE 9.2

PDB Identifiers for CD55 Structures
Deposited in the Protein Data Bank
(www.rcsb.org)

CD55,,2° CD55,,% CD55,,,,32
1H2P INWV 10V 10KI
1H2Q 10JW 10K2
1HO04 10JY 10K3
1U0T 10K9

consistency between the five structures as indicating that the SCR3—-SCR4 junction
was relatively rigid, and that this structure of the fragment was therefore a good
model for these two domains in vivo.

B. NMR StrucTURE FOR CD55,,4

The structure for the first complement-regulating fragment of CD55 soon followed.
This was the NMR-determined structure of Uhrinova et al.3! for the central two SCR
modules of CD55 — SCRs 2 and 3 (Figure 9.3b). The fragment was again overex-
pressed in Pichia pastoris and contained no nonprotein atoms. CD55,, does not have
full regulatory activities, as it is unable to perform alternative pathway regulation,
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SCR1
A 9
o
SCR2 ) %
A%
- [ ¢
A
1_j‘vf
a2
SCR3 P
0)
SCR4 CD5554

(©)

FIGURE 9.3 A summary of the structural work performed on CD55 to date. (a) The crystal
structure of the CD55,, fragment by Williams et al.? (b) An overlay of 42 models is shown
for the solution structure by Uhrinova et al.3! (c) The crystal structure of CD55,,,, by Lukacik
et al.??

but the central modules are necessary and sufficient to accelerate decay of the
classical pathway convertase. This solution structure of CD55 SCR domains gave a
very different view to the earlier crystal structure since, in contrast to the rigid
SCR3-SCR4 interface, the SCR2-SCR3 interface was poorly defined (Figure 9.3b)
by the experimental data, which suggested that there was significant flexibility, as
demonstrated in range of tilt, twist, and skew angles describing the intermodular
angles for the 42 lowest energy structures. Inherent flexibility at this interface, as
opposed to simple lack of definition of the interface by the experimental data, was
supported by a detailed analysis of residual dipolar couplings (RDCs). These RDCs
demonstrated that well-ordered residues in both SCRs were not coupled in their
movement, suggesting that the SCR2 and SCR3 are not rigidly linked.

These first two structures therefore gave somewhat contradictory pictures of the
ways in which CD55 SCR domains interacted, although as the fragments studied
were not identical, it was impossible to determine if the differences in estimated
rigidity related to the precise nature of specific intermodular junctions, the techniques
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used to determine the structures, or simply to the fact that fragments of proteins do
not always demonstrate the native molecular behavior.

C. X-rAY STRUCTURE FOR CD55,,5,

Recently, we reported the structure for all four of the CD55 SCR domains (Figure
9.3¢)* based on crystals grown from CDS55 produced at high levels in Escherichia
coli. Due to its production in a bacterial host, this protein lacks all glycosylation
despite containing the single N-linked glycosylation site between SCRs 1 and 2. For
structural studies, the recombinant protein was refolded and purified using a variety
of biochemical techniques with the biological activity of the purified protein mon-
itored to ensure correct formation of the eight disulfide bonds.?? The refolded protein
was demonstrated to be active in both alternative and classical pathway decay
acceleration® and also in pathogen and CD97 binding.

This structure reveals CD55,,,, to be a linear molecule with the four SCR
domains forming an extended rod with overall dimensions of 160 x 50 x 30 A. As
for the CDS55,, structure, CD55,,5, appears to be a relatively rigid molecule, as the
structures of 18 copies of the molecule from different crystals show little variation
in the orientation of the modules.?? This apparent rigidity contrasts with the weakly
defined module-interface in the solution structure of CD55,,.3! To try and understand
whether the molecular arrangement seen in the crystals was relevant to the structure
of the four SCRs in solution, we used analytical ultracentrifugation to determine the
sedimentation coefficient (S) of CD55,,,,. The sedimentation coefficient yields esti-
mates for the overall molecular shape in solution, and so gives an indication of the
domain arrangement. Experimentally derived values for the sedimentation coefficient
were in good agreement with those calculated® using the atomic structure for the
four SCR domains. These data seemed therefore to confirm that the extended archi-
tecture seen in the crystals is an accurate model for the molecule in solution and,
by extrapolation, for this portion of the molecule in vivo.

D. COMPARISONS OF STRUCTURES

These three sets of structures provide different snapshots of CDS55 architecture, but
for the biologist the important issue must be how to combine the information from
all of these to give the most accurate description for the four SCR domains. Com-
bining structures produced by different experimental methods is particularly fraught,
especially with the tendency of the two major methods to emphasize rather contra-
dictory characteristics — a rigid molecule is a prerequisite for an x-ray structure
(although different crystal forms do allow for structures of a series of differing but
still rigid views), while structures determined using NMR will always emphasize
the tendency toward flexibility for a given system.

Comparison of the families of CD55 structures arising from the different meth-
ods can be done in a variety of ways. The first method used is to overlay coordinate
sets and calculate the root mean square deviation (rmsd) in position either for all
the atoms in the model or for a subset of atoms. Calculating such numbers to compare
the various CDS55 structures demonstrates that if the two fragment structures are
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overlaid on the full structure by aligning SCR3, the x-ray structures for CD55,, and
CD55,,,, agree closely (rmsd Co. positions 0.5 A for SCRs 3 and 4 overlaid on the
basis of SCR3 alone) demonstrating that the relative positions of SCRs 3 and 4 are
the same in the fragment and in the full construct. In contrast, CD55,,,,3* deviates
significantly from the solution structures of CD55,;,3! particularly in its relative
arrangement of SCRs 2 and 3, which is not shared by any of the CD55,; models
deposited in the Protein Data Bank (mean rmsd Ca for SCRs 2 and 3 overlaid on
the basis of SCR3 is 10.4 = 3.6 A). These numbers do not, however, reflect a gross
architectural difference in the structures of SCRs 2 and 3 between the crystallo-
graphic and NMR models (as may be seen if rmsds are calculated for the single
domains overlaid on their equivalents rather than for the paired domains (Table 9.3).
Rather, they reflect the fact that although the 42 NMR models display a wide range
of SCR2-3 orientations, none of these matches the orientation found in the x-ray
structure of the full fragment very well. This is confirmed when the tilt and twist
angles? that define the domain relationships are calculated for the different struc-
tures (Table 9.4). The following question therefore arises: Do these differences reflect
significant differences between the architecture of SCRs 2 and 3 either in the
fragment or in a crystal? We are inclined to think not, since nuclear Overhauser
effects calculated from the structure of SCRs 2 and 3 revealed in the crystal structure
of CD55,,;, are consistent with those used to determine the solution structure of
CD55,;. The lack of consistency between the models (in terms of the relative domain
orientation) is more likely due to the small number of data that defines the orientation
in the solution experiments. The issue of how flexible the interdomain junctions are
still remains open to debate, with crystal structures, ultracentrifugation, and recent
electron microscopy® (see below) suggesting that they are fairly fixed, while the
solution structure suggests great flexibility. This question will only be completely
answered when we have multiple structures for CD55 in complex with its many
ligands, and can then see the range or lack of domain rearrangement that accompa-
nies the biological activity of this extended molecule.

TABLE 9.3
Root Mean Square Deviation in Alpha Carbon Positions within and between
the Different Groups of CD55 Structures

Single Domain CD55,534 CD55,; CD555,
Co RMSDs SCR 1 SCR2 SCR3 SCR4 SCR2 SCR 3 SCR 3 SCR 4
A)
CD55,,,, SCR 1 0.3 0.2
SCR 2 03+0.1 1.1 £0.2
SCR 3 03+0.1 1.0£0.2 0.5+0.1
SCR 4 03 +0.1 0.5+0.1
CD55,; SCR2 0.8 0.1
SCR 3 0.8 +0.1
CD55,, SCR 3 0.7 0.1

SCR 4 0.6 +0.1
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TABLE 9.4
Mean and Standard Deviations for the Tilt/Twist Parameters for
the Families of CD55 Structures*

Tilt (Degrees) Twist (Degrees)
Interface  CD55,, CD55, CD55,5;, CD55;, CD55,  CD55,y,

SCR 1-2 43+3 86 +3
SCR 2-3 44+14 31+33 135+ 15 169 + 3
SCR 3-4 11+6 9+2 249 £ 6 249 £ 7

* Values were either taken from the published literature (CD55,; 3!) or calculated
according to the method described in Norman, et al.?®

IV. A MODEL FOR INTACT CD55 IN THE
CELL MEMBRANE

Of course, CD55 consists of more than the SCR domains, and we wish to extend
our model for this protein to a model for the intact molecule present in the cell
membrane. This is not a trivial issue as the size (~40 kDa of the 70 kDa total) and
nature of the non-SCR components (mixed glycosylation, extensive, unstructured
regions of protein) mean that the techniques used to provide structural information
about the SCR domains are not applicable to the intact molecule. The strategy that
we have adopted to tackle this question is one of dissection to obtain specific
information, and modeling constrained by global information about the molecule
shape obtained by analytical ultracentrifugation.

Physiologically, CD55 is heavily glycosylated with both N- and O-linked gly-
cans,*® and a GPI anchor.?! Chemical mapping of the glycosylation present on CD55
purified from red blood cells reveals that the major N-linked oligosaccharides located
at Asn 63 in the SCR 1-2 interface are galactosylated bi- and tri-antennary, complex-
type sugars, with and without bisecting GIcNAc and terminal sialic acid residues.
Whereas, of the 19 predicted O-linked glycosylation sites’” (www.cbs.dtu.dk/ser-
vices/NetOGly/) in the 68-amino-acid, STP-rich stalk region of CD55, on average
11 of these sites are occupied per molecule. Seventy-one percent of the O-linked
glycan pool consisted of the disialylated core 1 structure, NeuSAca2-3Galf1-
3[NeuSAca2-6]GalNAc. The stalk region is therefore highly charged.

Once again, analytical ultracentrifugation was used to provide an idea of the
overall dimensions of the full molecule (including sugars, stalk, and GPI), and the
dimensions obtained were used to constrain a model for the intact molecule embed-
ded in the membrane (Figure 9.4). What does seem to be clear from simple inspection
of this model is that the stalk consists of two segments — the region nearest the
SCRs will be highly flexible, able both to allow bending and acting as a spring to
allow extension of the SCRs away from the membrane. In contrast, the heavily
glycosylated region below this will be relatively stiff and act to space the top of the
molecule away from the membrane below.
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FIGURE 9.4 A complete model for CDS55,,;,. The secondary structure of the four SCR
domains is shown in ribbon representation. A monosialylated-bisected-biantennary N-glycan,
chosen on the basis of the glycan analysis, was attached to the single N-glycosylation site at
Asn 63. This site is located in the linker region between SCR 1 and SCR2. The modeled S/T
region is shown as a thread extending from the C-terminus of SCR4. Eleven O-glycans link
to serine and threonine residues in the S/T region. The GPI anchor is attached to the C-
terminus of the S/T region, and is shown in space-filling representation. The anchor is shown
buried in a section of the cell membrane.
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V. MAPPING OF BIOLOGICAL ACTIVITY ONTO
THE STRUCTURE

A. COMPLEMENT REGULATION

Mutation of CD55 has proved a powerful technique to illuminate parts of the
molecule responsible for conferring decay acceleration. Even prior to knowledge of
the atomic structure, Kuttner-Kondo et al.* used models for CD55 to guide mutagen-
esis, and in so doing ensured that their mutagenesis data were not as subject to the
problems of engineering misfolded or otherwise non-native proteins. Domain
deletion® and mutagenesis?**° clearly demonstrated that SCRs 2 and 3 were required
for classical pathway activity, while SCRs 2, 3, and 4 were required to regulate the
alternative pathway. This requirement for multiple SCRs suggested an extended and
extensive contact between the convertases and the regulator. Taken as a whole, the
mutagenesis data suggested that charge would be particularly important for both
alternative and classical pathway activity, and in particular, that a series of three
lysines in the SCR2-SCR3 linker were critical for activity.

The structure of CD55,,% did not provide much information to illuminate the
role of the linker residues since it did not contain SCR2, but mapping of the body
of mutagenesis data combined with novel structure-guided mutants showed that
residues implicated in decay-accelerating activity mapped to both faces of the reg-
ulator. This led us to propose that the convertases wrapped around the small regulator
to form an intimate interaction.

The presence of the two domains critical for classical pathway regulation meant
that the structures of CD55,;3! could more directly inform much of the mutagenic
data. Analysis of these solution structures for CD55,; supported the role of charge,
since electrostatic analysis of this fragment showed that one of the main features
was a positively charged band encircling the SCR2-SCR3 junction. By mapping the
earlier mutagenesis onto their structure, Uhrinova et al®' identified four probable
contact points between CD55 and the classical pathway convertase. These were R96,
R69, and a residue near L171 on one face of the molecule, and K127 and R100 on
the opposite face. Similarly, for alternative pathway regulation mutagenesis impli-
cated contact points on both faces of the molecule, and these authors therefore also
postulated that the regulator would sit within a groove on the assembled convertase.

The structure of CD55,,,,,* while not changing the global picture of a small
regulator enveloped by the convertases, suggests a rather different picture in terms
of the importance (or not) of global charge characteristics. This arises from the
specific conformation observed for the side chains of many of the key lysines and
arginines around the SCR2-SCR3 interface. Electrostatic analysis of CD55,,,, did
not reveal a positive band across the SCR2-SCR3 interface, but instead suggested
that this region of the protein was relatively uncharged. The absence of charge related
to the relative burial of the lysine and arginine charged groups in this structure by
comparison to the earlier fragment structure. The burial of these groups in the
interface leads directly to a reinterpretation of the functional data in terms of
mutagenesis of these side chains resulting in domain rearrangement, and thus poten-
tially perturbing function indirectly.
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In fact, the major electrostatic feature was a strong negative charge on SCR 1.
This absence of charge at the center of the molecule in the region implicated in
protein—protein interactions was not entirely unexpected in the context of what is
now generally observed for protein complexes and was confirmed by a direct analysis
of the hydrophobic potential of CD55. Such analysis revealed that a major hydro-
phobic patch existed close to the SCR2-SCR3 interface consisting of residues Phe
148 and Leu 171 — which had also been implicated in decay acceleration by the
earlier studies.

The structures therefore leave us with a degree of uncertainty about the nature
of the interaction with the convertases. While the global feature of the small regulator
contacting the large convertases via contacts spread over much of the surface of the
SCRs is supported by all the work, the details of the contact cannot be clearly
determined.

A full understanding of the role of CDS55 in regulating the convertases will
require a structure for the complex formed by the interaction of the large convertases
and CD55. This will not prove a trivial structural question due to the transient nature
of the convertase—CDS55 complex, but is the only way that the problem of determining
which conformation(s) of the modules (and of the side chains) are required for
biological activity may be answered. In the absence of experimentally derived
structures, structural biologists will often resort to the generation of models based
on more limited information. Such an approach has yielded a model for the inter-
action between CD55 and a portion, the von Willebrand factor type A (VWF-A)
domain of factor B, of the alternative pathway convertase. A model for the vVWF-A
domain of factor B* was docked*? onto CD55 using mutations of the domain known
to abolish CD55 interactions to guide the docking.?? This proposed complex (Figure
9.5) has some compelling features: the CD55—-vWEF-A interaction site is formed
across the SCR 2-3 interface (although the docking theoretically allowed interaction
with any portion of CDS55), and obscures the hydrophobic patch postulated to be
part of the convertase interaction site. Also, the CD55—-vWF-A interaction masks
many of the CD55 mutations3!#0 known to alter alternative pathway (AP) convertase
regulation, while leaving factor B peptides, previously implicated in binding of the
C3b portion of the convertase,*' exposed and accessible for interaction with the
larger C3b. Equally exposed are vVWF-A residues where mutation* is known to have
no effect on the ability of CD55 to regulate the AP convertase.

The mechanisms of decay acceleration by CD55 of the C3 convertases are poorly
understood at the molecular level. Binding studies using individual components and
AP convertases immobilized on zymosan showed that CD55 had low affinities for
the individual component proteins C3b and Bb, but much increased affinities for
both the C3bB and C3bBb complexes.* Despite similar affinities for the complexes,
CD55 accelerates decay only of the active C3bBb convertase and not its precursor
C3bB.* The C3bB complex may be stabilized by the reported interactions between
sites in Ba and C3b. These limited data suggest that CD55 must bind sites in both
of the components of the convertase. Bound CD55 tends to cause dissociation of the
convertase, but succeeds only after cleavage of B with release of Ba and consequent
weakening of the association between convertase components. With dissociation of
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VWF domain of
Factor B

e
CD55

FIGURE 9.5 Atomic model for the complex between the von Willebrand (vWF) domain of
factor B*' and CD55 as generated by Lukacik et al.> Both molecules are shown as ribbon
representations. (Adapted from P Lukacik, et al. Proc. Natl. Acad. Sci. USA, 101:1279-1284,
2004.)

the convertase, affinity for CD55 is lost, releasing the regulator. This possible
mechanism for AP decay acceleration is shown schematically in Figure 9.6.

It must be remembered, however, that despite the ability of models to convince,
they require validation by experimental testing. We must therefore hope that there
are more structures to come for CD55 that will generate a detailed view of functional
complexes, and so extend our understanding from the isolated molecule to the
biological context in which it operates.

B. OrTtHER LicaANDSs FOR CD55

Although the focus of this book is the complement system, CD55 is important to
several noncomplement areas of biology (reviewed in Lea's). Specifically, CD55 is
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FIGURE 9.6 Schematic summarizing our current view of CD55 action in regulating the
alternative pathway.
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recognized as an important viral and bacterial receptor and as a ligand for the
leucocyte marker CD97, and has recently been implicated as an antiadhesive mol-
ecule in small vessels.*” We will deal with the most characterized of these areas
briefly below.

1. Interaction with Human Enteroviruses

Human enteroviruses (the genus enterovirus of the family Picornaviridae) comprise
a range of important human pathogens including poliovirus, the echoviruses (EV),
and the Coxsackie A and B viruses (CAV and CBV). CD55 has been shown'®!! to
facilitate viral entry into the host cell, although much debate still surrounds the issue
of whether other accessory proteins!4*® are required for infection.

A number of techniques have been used to map the SCR specificity of DAF-
binding enteroviruses. These include the use of SCR-specific monoclonal antibodies
(mAbs),*30 SCR domain deletion or homologous substitutions of human DAF in
virus binding, infection inhibition, or hemagglutination inhibition (HAI) assays.>!2
The interaction of virus and DAF has also been studied by surface plasmon reso-
nance, which has demonstrated that for at least one virus (echovirus 11) the inter-
action is characterized by a rapid off rate and a low (uM) affinity. Cryoelectron
microscopy®>=? of virus—CD55 complexes has shown that closely related viruses
have very different modes of CD55 interaction. The crystal structure of CD55,,
allowed mapping? of putative virus interaction sites identified by mutagenesis and
sequence alignment with African green monkey (AGM) CD55. The AGM CD55
amino acid sequence differs by 42 residues within SCRs 1-4 of human CD55, and
the former shows reduced interaction with certain echoviruses (EV12, EV11). The
structure of CD55,,;, now allows mapping of all information obtained by pooling
mutation and primate CD55 homology studies performed to date.?

Such mapping confirms earlier analyses based on the structure of CD55,, and
the low-resolution structures of virus—CD55 complexes by demonstrating that essen-
tially all faces of CD5S5 can be used to facilitate cell entry with the exception of that
portion of SCR 1 masked by the N-glycan. The diversity of binding interaction
supports the previous claim3? that the ability to bind DAF may have evolved multiple
times within human enteroviruses, implying a strong, but as yet unidentified, selec-
tive advantage for the virus in using CD55 to facilitate cell entry.

Two low-resolution, cryoelectron microscopy—derived structures are now known
for CD55-virus complexes. The first of these was difficult to interpret in terms of
the atomic models of CDS55 since the icosahedrally averaged density for the receptor
reflected components from two sterically clashing copies of CD55. Recently, how-
ever, a reconstruction of CD55,, bound to echovirus 12 has yielded density that can
be trivially interpreted in terms of the x-ray structure for CD55,,. This demonstrates
that, at least at 16 10\, the orientations of SCRs 3 and 4 revealed in the x-ray structures
are consistent with a functional molecule bound to the virus. Even more pleasing is
the observation that if the CDS55,,,, structure is overlaid on these two SCRs, the
molecule lies on the virus so that the 60 copies bound to the highly symmetric virus
do not clash with each other (Figure 9.7).
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FIGURE 9.7 Complete CD55,;,°> was superimposed onto the equivalent domains in the
model derived by fitting the atomic coordinates for CD55,,%° and Echovirus 11% to the
cryoelectron microscopy reconstruction of CD55;, bound to EV12.3 Note the absence of
steric clashes between the two copies of CDS55,,,, that interact over the twofold.

2. Interaction with Escherichia coli

Bacterial adhesins are important virulence factors that allow colonization of the
human urogenital tract by certain pathogenic strains of E. coli. Most of the work
involving analysis of E. coli and CD55 interactions has focused on mutation within
the bacterial proteins.’*> However, Hasan et al.’® have mutated 11 SCR3 residues
that are spatially close to serine 165 to alanine, since a rare, naturally occurring,
polymorphism of CDS55 in which serine 165 is mutated to leucine disrupts adhesin
binding. Of these 11 positions, five mutations at residues 155, 165, 160, 159, and
162 are shown to affect interaction with the adhesin. These residues are not confined
to a single location, as might be expected if there were a well-defined, adhesin-
binding site. This can be interpreted either as some of these positions acting indirectly
to perturb adhesin binding, or alternatively, as for the mutations altering decay
acceleration that are also spread over large portions of the surface of CD55 (see
section above), that the adhesin binds by wrapping around the smaller protein.
However, as for the enteroviruses, different adhesin bearing bacterial strains are
suspected to interact in a variety of ways with CD55, suggesting a strong evolutionary
advantage for the pathogen in the CD55-binding phenotype. As for the enteroviruses,
the nature of the selective advantage is not known, although Tieng et al.”” have
demonstrated that CD55-mediated signaling following adhesin binding leads to up-
regulation of other cell-surface proteins on the infected cell, and it is possible that
this might be advantageous to the invading pathogen in some way.
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3. CD97 Interaction

CD97, an integral membrane protein bearing multiple, extracellular, epidermal
growth factor—like (EGF) domains, is a protein whose level of expression becomes
immediately up-regulated on leukocytes during activation.'® This is the sole, non-
pathogen derived molecule, known to interact with SCR 1 of CD55,'%17 although
the biological importance of this association is as yet unknown. The interaction
between CD55 and CD97 is even weaker on a molecule-by-molecule basis (K, ~100
mM) than that between CD55 and EV11.3° However, given the high copy number
of both molecules found in their respective cellular membranes, the avidity, on a
cell-to-cell basis, will result in a tight interaction. Three residues within the two N-
terminal domains of CD97 are known to be critical for CD55 interaction,®® but, other
than its location within SCR 1, the CD55-binding site is not characterized.

VI. SUMMARY

The structures determined to date have begun to illuminate relationships between
the various biological roles of this molecule and the underlying atomic structure.
Our understanding of CDS55 biology will, however, advance further only when the
various functional hypotheses suggested by detailed structural work are experimen-
tally tested, and when our atomic understanding of the regulator is extended to a
similarly detailed understanding of its ligands in isolation and in functional com-
plexes with CD55 itself.
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I. INTRODUCTION

Human C8 is one of five complement components (C5b, C6, C7, C8, C9) that
assemble on the surface of pathogenic organisms and other cells to form C5b-9, a
cytolytically active, macromolecular complex commonly referred to as the mem-
brane attack complex, or MAC (Figure 10.1).!* Individually, these components
behave as hydrophilic proteins, but when combined they form an amphiphilic com-
plex capable of inserting into cell membranes. Upon insertion of the MAC, lipids
in the target membrane are not degraded but instead undergo a disruptive rearrange-
ment. This increases membrane permeability, which causes osmotic lysis of simple
cells such as erythrocytes and initiates intracellular signaling events in nucleated
cells.>”7 In bacteria, MAC increases outer membrane permeability, which in turn
induces lethal changes in the inner membrane.>® Other than proteolytic cleavage of
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C8

Classical
Pathway

\ el

Lectin
—» C5h —»
Pathway el

Alternative
Pathway

Membrane

FIGURE 10.1 Formation of the membrane attack complex (MAC). MAC assembly begins
with cleavage of C5 by the classical, lectin, or alternative pathway C5 convertase. The product
C5b then sequentially binds C6 and C7 to form C5b-7, a trimeric complex that expresses a
transient, high-affinity lipid-binding site. C5b-7 physically associates with the membrane
surface of the target cell where it subsequently binds C8 to form tetrameric C5b-8. C5b-8
functions as a C9 receptor by promoting the binding and self-polymerization of multiple C9
molecules to produce C5b-9. Within this complex, poly C9 forms a cylindrical pore-like
structure that is typical of a lytically active MAC. In this representation, C5b is depicted as
a disulfide-linked dimer; C6, C7 and C9 are single chain proteins, and C8 contains three
subunits, two of which are disulfide linked. C8 and C9 are shown inserted into the membrane
bilayer in accordance with experimental evidence described in the text.

C5, all steps in the MAC assembly pathway are nonenzymatic and the protein—pro-
tein interactions are all noncovalent.

The MAC components circulate independently in the bloodstream and interact
in a highly specific and sequential manner once C5b is formed. As each intermediate
complex is assembled, binding specificity must change and be directed toward the
next component to be incorporated. In this respect, MAC formation is unusual and
can be characterized as the self-assembly of a membrane receptor. However, receptor
specificity in this case changes as each component is incorporated. This suggests
that the components contain highly specific and complementary binding sites that
become exposed during MAC assembly. Once associated, the affinity between these
proteins is high despite the noncovalent nature of their interactions. Dissociation
can only be accomplished by solubilization of the membrane and denaturation of
the MAC.

While the sequence of interactions is known, structural features that specify the
order of incorporation of each component have not been characterized. Also poorly
understood is the process by which one or more of these hydrophilic proteins acquires
the ability to bind lipid upon incorporation into the MAC. This process likely involves
exposure of one or more cryptic lipid-binding sites in response to conformational
changes during the assembly process.

Efforts to identify structure—function relationships within the MAC components
have focused extensively on C8. It contains three subunits that participate in binding
interactions associated with the formation and function of the MAC. As described
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in this chapter, several sites involved in these interactions have been mapped to
specific regions of C8. In addition, the crystal structure of one of the subunits (C8y)
has been solved, and is the first to be determined for a component of the MAC.

Il. PROPERTIES OF C8

Of the five MAC components, C8 has the most unusual and complex subunit
organization. C5b is approximately 180 kDa and composed of two disulfide-linked
subunits. C6, C7, and C9 are single-chain proteins of approximately 105 kDa, 92
kDa, and 72 kDa, respectively. By contrast, C8 is 151 kDa and composed of three
nonidentical subunits (o = 64 kDa, § = 64 kDa, and y = 22 kDa) (Table 10.1).° All
three are products of different genes, and within C8 they form a disulfide-linked
C8ao-y heterodimer that is noncovalently associated with C8f3. The affinity between
C8ao-y and C8p is high. Dissociation can only be achieved with denaturing agents
or high ionic strength buffers.!%!> Recombination and formation of functional C8
occurs readily when both are mixed at low molar ratios (1:2) and low concentrations
(1 ng/mL).

Sequences of the human C8 subunits indicate that C8a contains 29 Cys. All
form intrachain disulfide bonds with the exception of C164, which is linked to C8y.!
C8 contains 28 Cys that are all internally linked.'* C8a and C8f each contain one
N-linked, complex-type oligosaccharide chain, and no O-linked sugars. C8a. contains
two possible sites for N-linked carbohydrate (N13, N407), whereas C8f has three
(N47, N189, N499). Mannose has also been found on several Trp residues in C8a
and C8p.1

Human C8y contains three Cys. C40 is linked to C8a while C76 and C168 form
an internal disulfide bond.!® C8y has a pyroglutamyl residue at the N-terminus and
contains no carbohydrate or potential N-glycosylation sites.

TABLE 10.1
Properties of Human C8
Extinction
Serum . Carbohydrate Coefficient®
Concentration  Molecular Weight Chains Isolectric (280 nm, Genetic

Subunit (ug/mL) Apparent Calculated* N-link O-link  Point 1%, 1cm)  Locus

C8 80 151,000¢ 142,981 — — 6.2-7.5 14.9 —
C8a - 64,0004 61,711 1 0 5.7 11.8¢ 1p32
C8p - 64,0004 61,043 1 0 7.9 13.7 1p32
C8y — 22,0004 20,327 0 0 8.9 17.4 9q34.3

2Based on amino acid composition.
®Experimentally determined.

¢ Sedimentation equilibrium.
4SDS-PAGE.

¢ Value for C8a—y.
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I1l. C8 AND THE MAC PROTEIN FAMILY

Human C8a, C8p, C6, C7, and C9 are homologous, and together they form what
is referred to as the “MAC family” of proteins. Family members exhibit sequence
similarity, and all have a highly conserved structural organization.*!” Their genomic
structures are also similar with respect to exon length and boundaries. A distinctive
feature of family members is the presence of tandemly arranged cysteine-rich mod-
ules that are ~40—80 amino acids in length (Figure 10.2). Included is a thrombo-
spondin type I (TSP1) module that is repeated three times in thrombospondin.!® All
family members have one TSP1 module at the N-terminus, with the exception of
C6, which has two. Aside from C9, all have an additional TSP1 module located
toward the C-terminus. Also present near the N-terminus is a low-density lipoprotein
receptor class A (LDLRA) module that is repeated seven times in the LDL receptor.?
Toward the C-terminus of each is an EGF module that exhibits sequence similarity
to epidermal growth factor.?! Both C6 and C7 contain additional modules in their
C-terminal regions. These include a pair of complement control protein modules
(CCPs) and a pair of factor I modules (FIM).2? Although not considered a module,

834

i e SRR I i R T S
c6 N[T1[T1[LA] MACPF EG|T1]CcP|cP|FM[[FM|C
59/60 ]54:’I55 495/496 590/622 741/745 9i3
1 116/117 532/541 679/682 819/837
o, OO T
c7  Ni11|LA MACPF EG|T1]CP|cp|EM[FM]| C
61/62 428/429 523/548 667/673 821
1/2 99/100 Cs 465/475 605/608 T48/749
TR Y
C8a  N|TI[LA MACPF [EG[T1] €
118 1027103 T
csp N[mfLa MACPF [EG|TI| C
Jio 65?66] X 444':44:3 1143353?
...........
c9  N[miLa MACPF |EG|C
121 ?m31 15/116 434}48551 9/538

FIGURE 10.2 Structural organization of the MAC protein family. Module abbreviations
correspond to TSP1 (T1), LDLRA (LA), EGF (EG), CCP (CP), and FIM (FM), and follow
recommendations of the 1994 International Workshop on Sequence, Structure, Function and
Evolution of Extracellular Protein Modules (available in Bork'® and at SWISS-PROT). Res-
idue numbers identify module boundaries. Numbers above each map identify potential N-
glycosylation sites. The location of Cys residues is designated by (). C8y is shown linked
to C164 in C8o.
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the central portion of each protein is designated MACPF to emphasize its conser-
vation among the MAC proteins and its sequence similarity to perforin, a 70 kDa
pore-forming protein released from secretory granules of cytotoxic T-lymphocytes.?

In contrast to C8a and C8f, human C8y is structurally unrelated to any com-
plement protein. Similarities in amino acid sequence and genomic organization
provided the first evidence that it was a member of the “lipocalin” family of widely
distributed proteins that bind small hydrophobic ligands.?* Structural studies have
since confirmed its identity as a lipocalin; however, its natural ligand and function
are unknown.?

The conserved sequence and modular structure of the MAC proteins suggest
that the modules themselves may mediate protein—protein interactions during MAC
assembly. This is consistent with the view that the MAC is a macromolecular
heteropolymer assembled from structurally similar but distinct monomeric units.
Also noteworthy is the fact these modules mediate specific protein—protein interac-
tions in other systems. MAC assembly requires binding interactions that are highly
ordered, and it remains unknown whether specificity is determined by differences
in fine structure of the modules or sequence variations within the MACPF region
of each protein. C8 is an excellent model to use to study the structural basis of this
specificity because it undergoes multiple binding interactions during MAC forma-
tion. Also, unlike other MAC proteins that may only weakly interact prior to C5b
formation, C8 is isolated from serum as a complex of C8a—y and C8f. Understanding
how subunits of C8 interact with each other and with components of the MAC should
yield insight into how all family members interact.

The ability to purify C8a~y and C8f, separate C8a from C8y, and successfully
produce recombinant forms of all three subunits, has facilitated studies of their role
in MAC formation and function. Results indicate each subunit performs multiple
binding functions and in several cases these are associated with a specific region of
the subunit.

IV. STRUCTURE-FUNCTION RELATIONSHIPS
WITHIN C8a

C8a. contains multiple binding sites that are involved in interactions with C8f3, C8y,
and other components of the MAC (Figure 10.3). One site mediates the interaction
between C8o—y and C8f to form C8. C8a also has a site that recognizes C8y, and
facilitates the intracellular assembly of C8o—y. Within the C5b-8 complex, C8a
functions to bind and incorporate C9 into the MAC. Within the MAC, C8a is
recognized by complement regulatory protein CD59, which binds C8a and C9 and
inhibits formation of a functional MAC. C8a may also contribute to the cytolytic
activity of the MAC by binding exposed membrane lipid. Many of these interactions
occur simultaneously during MAC formation; therefore, it is likely they involve
physically distinct, nonoverlapping regions of C8a. The following summarizes
progress toward assigning these binding functions to specific regions of C8a.
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FIGURE 10.3 Location of binding sites in C8c and C8f3. Residue numbers identify segments
involved in recognition and binding to the indicated proteins.

A. C8p BINDING SITE

Binding between C8a and C8f3 was initially observed in studies using C8c that was
purified after cleavage of C80—y.26 C8a and C8f formed a stable 1:1 noncovalent
complex in solution. Corresponding experiments detected no significant binding
between C8y and C8f3. Subsequent studies used recombinant C8a. containing a C164
— (G164 substitution to demonstrate noncovalent binding to C8f, and confirmed
that this interaction is not dependent on C8y.?’

More recently, it was shown that the C8a MACPF region alone mediates binding
to C8p.28 Recombinant chimeric constructs of C8a in which the N-terminal modules
(TSP1 + LDLRA) and/or C-terminal modules (EGF + TSP1) were exchanged for
those in C8f, and truncated forms in which the modules were deleted, were prepared
and used to narrow the location of the C8f binding site. When coexpressed with
C8y in COS cells, a fragment composed solely of the MACPF region of C8a
(residues 105—-463) was secreted as a disulfide-linked dimer with C8y. This dimer
has the ability to bind C8f and form a complex in solution. This indicates that the
principal binding site for C8f lies within the MACPF segment of C8a., and neither
recognition nor binding requires the modules.

B. C8y BINDING SiTE

Although C8a normally occurs as a disulfide-linked heterodimer with C8y, it has
the ability to interact noncovalently with C8y after cleavage of the interchain disulfide
bond. Such binding can also be observed with recombinant forms of C8c and C8y.?°
These observations and the requirement for intracellular association before disulfide
bond formation indicate that C8c and C8y contain mutually recognizable binding
sites.
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Location of the C8y-binding site within C8a was initially suggested from the
studies above where the C8a MACPF segment was coexpressed with C8y. A more
precise indication was provided from a comparative analysis of MACPF sequences
in C8a, C8f, C6, C7, and C9. The C8a MACPF sequence is distinctive in that it
contains an indel (insertion/deletion) at residues 159-175, which includes C164 that
forms the disulfide bond to C8y. Indels in otherwise homologous proteins frequently
correspond to loops and are often regions of functional significance;**3! therefore,
this segment of C8a was considered a potential C8y-binding site. Accordingly, the
indel was examined for its ability to mediate intracellular and extracellular binding
of C8y. Insertion of this sequence into the corresponding region of C8f and coex-
pression with C8y produced an atypical disulfide-linked C83—y dimer.?° This dem-
onstrated that the indel sequence alone is sufficient to promote intracellular binding
of C8y and disulfide bond formation. In related experiments, C8y was shown to
noncovalently bind to a mutant form of C8f3 containing a C — G substitution within
the inserted indel. In addition, C8y bound specifically to an immobilized synthetic
peptide containing the indel sequence. Together, these results indicate (a) intracel-
lular binding to C8a is mediated principally by residues contained within the C8a
indel; (b) binding occurs independently of disulfide bond formation; and (c) C8y
must contain a complementary binding site for the C8a. indel sequence.

C. C9 BINDING SITE

The principal function of C8 is to mediate incorporation of C9 into the MAC. C9
has little affinity for C5b-6 or C5b-7 but readily binds to C5b-8 on target membranes.
Such binding induces a conformational change in C9 that initiates self-polymeriza-
tion and formation of poly C9 in the membrane.?>-3* Studies using purified C8 and
C9 have shown that a stable 1:1 complex can be formed in solutions of low ionic
strength.>> A detectable but weaker interaction at physiological ionic strength can
also be detected using small-angle neutron scattering.*

Binding to C9 is mediated principally by the C8a subunit of C8. Interaction
between C9 and C8a—y or C8a. can be demonstrated over a range of ionic strengths,
whereas binding to C8f or C8y is negligible.* In addition, when combined with
C8p, C8a. exhibits both hemolytic and bactericidal activity in the presence of C9.2737
As described later in this chapter, C8 incorporation into the MAC is mediated by
C8p, which is the subunit recognized by C5b-7.3® C8f alone binds tightly to C5b-
7; however, the resulting C5b-7(C8) complex is inactive in the absence of C8a.
This together with results from solution-binding experiments indicates C8a. is essen-
tial for binding and incorporation of C9 into the MAC.

In an effort to locate the C9-binding site in C8a., chimeric and truncated C8a
constructs were expressed as heterodimers with C8y and combined with C8f. These
were then tested for their ability to bind C9 in solution and express hemolytic
activity.* Results indicate binding between C8 and C9 is not dependent on the C8a.
C-terminal modules nor is it mediated solely by the C8a MACPF domain. Binding
appears to involve a cooperative interaction between the N-terminal modules and
MACPF region. Substitution or deletion of both N-terminal modules abrogates
binding, whereas substitution of a single module does not, provided that the MACPF
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domain is present. This suggests each N-terminal module contributes to the formation
of a C9-binding site. Importantly, constructs that tested positive for C9 binding also
exhibited hemolytic activity in the presence of C9, thus confirming that binding
observed in solution has functional significance.

D. CD59 BINDING SITE

MAC formation is regulated in part by the binding of CD59 to C8. Human CD59
is a 20 kDa, membrane-bound complement regulatory protein that protects human
blood and vascular cells from injury arising through activation of complement (see
Chapter 11). It inhibits MAC activity toward homologous cells by interacting with
both C8 and C9.4%4! This interaction restricts the number of C9 molecules bound to
C5b-8, and inhibits formation of a functional MAC. The inhibitory activity of human
CD59 is species selective, and is most effective toward primate C8 and C9.4?

Analysis of the physical association of CD59 with components of the MAC
indicated that C8a contains a binding site for CD59.4* A possible location for this
site was initially suggested from a comparison of human and rabbit C8a sequences.
Rabbit C8 was chosen for comparison because this species is only weakly inhibited
by human CD59. The analysis revealed a distinct segment of dissimilarity in the
C8a. sequences. Recombinant C8a peptides spanning this sequence were prepared
(human C8a residues 334-385 and rabbit C8a residues 334-386) and tested for
CD59 binding.* Human CD59 specifically bound to the human peptide, and required
an intact disulfide-bond between C345 and C369. Binding to the corresponding
rabbit peptide was not observed.

Functional evidence in support of these observations was obtained in the same
study by exploiting the species selectivity of human CD59 toward human C8. C8a
chimeric constructs were prepared in which segments containing the above
sequences were exchanged between human and rabbit. These were then coexpressed
with the appropriate species of C8p and C8y to produce chimeric C8. Hemolytic
activity of expressed C8 was measured using heterologous target cells reconstituted
with human CD59. Results showed that inhibition of human C8 by CD59 requires
a sequence internal to residues 320415 of human C8a, and that substituting this
sequence with the corresponding rabbit sequence significantly reduces the inhibitory
response. Considered together with the peptide binding data, these results indicate
CD59 binds in a species-selective manner to a conformationally sensitive site on
C8a that is centered on residues 334-385.

E. Lipip BINDING SITE

Although no systematic binding studies have been performed, C8a. is thought to
contain one or more lipid-binding sites. Presumably these sites become exposed
upon incorporation of C8 into the MAC. Within the MAC, portions of C8a. are either
bound or in close proximity to lipids within the membrane bilayer. Evidence for this
comes from photolabeling studies using membrane-restricted probes to identify
components of the MAC that are inserted into the bilayer.*> In both C5b-8 and the
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MAC, extensive labeling of C8a suggests it is closely associated with the lipid
bilayer, and that it contributes significantly to membrane perturbation. In the MAC,
C9 is also heavily labeled, consistent with its role in forming poly C9 and the pore-
like structure of the MAC.

V. STRUCTURE-FUNCTION RELATIONSHIPS
WITHIN C8p

C8p also contains several functionally distinct binding sites (Figure 10.3). One
mediates interaction with the C8a chain of C8a—y. The high affinity between C8a
and C8p is consistent with the fact that C8a—y and C8f combine intracellularly and
are secreted as intact C8. A second site mediates binding and incorporation of C8
into the MAC. C8f alone has a high affinity for C5b-7 and within C8 it carries the
structural epitope(s) recognized by this complex. Since C8f must simultaneously
interact with both C8a~y and C5b-7, it is likely these binding sites are physically
distinct. Within the MAC, C8p may also have the capacity to bind lipid. The above
photolabeling experiments suggest C8f is in contact with the bilayer, although the
extent of labeling was much less than that observed for C8a and C9.

A. C8c BINDING SITE

To localize the C8a-binding region, C8f constructs were prepared in which the N-
and/or C-terminal modules were deleted or exchanged with the corresponding mod-
ules in C8a..*® These were expressed recombinantly and the secreted products tested
for binding to C8o—y. Results showed that neither the N- nor C-terminal modules,
or the MACPF alone, have the capacity to independently bind C8a~y. Instead,
binding requires a cooperative interaction between the N-terminal TSP1 module and
the MACPF domain of C8p. These two segments appear to form a specific binding
site that mediates the initial interaction with C8a.

B. C5b-7 BINDING SITE

The association of C8 with C5b-7 on target membranes is essentially irreversible;
dissociation can only be accomplished by solubilizing the membrane and denaturing
the C5b-8 complex. Binding studies using purified C8a-y, C8f3, and C8y revealed
that C8f3 and C8 have a comparable affinity for C5b-7.'-3® Furthermore, C8f effec-
tively inhibits C8 incorporation into the MAC as well as C8 hemolytic activity;
therefore it must compete for the same binding site on C5b-7. To identify the portion
of C8p recognized by C5b-7, chimeric and truncated C8f constructs that bound
C8o—y were assayed for their ability to associate with C5b-7 and express C8
hemolytic activity.*6 Assays were limited to constructs that bind C8c—y because C8a.
is required for C9 binding. Only those constructs that contained both of the N-
terminal modules and the MACPF domain were found to be hemolytically active,
regardless of whether the C-terminal modules were present. Although preliminary,
these results indicate the site recognized by C5b-7 lies within residues 1-444 of C8p.
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VI. STRUCTURE-FUNCTION RELATIONSHIPS
WITHIN C8y

Although its structure is the most well characterized of all the MAC proteins, the
function of C8y in the complement system remains elusive. Over the years, several
possibilities have been considered and subsequently discounted.*” C8y was initially
proposed to be the target of human C8-binding protein, a putative membrane-
associated protein thought to interact with C8 and protect human cells from MAC-
mediated lysis.*® This hypothesis was discounted when experiments showed that
C8y has no effect on protecting human erythrocytes from lysis.* C8y was at one
time thought to be a retinol-transport protein when it was reported that C8o—y binds
radiolabeled retinoids.” Later studies used purified recombinant human C8y and
spectrophotometric methods to detect retinol binding and could not corroborate these
findings.?” It was also proposed that C8y may bind to a hydrophobic region on C8a.
and thereby shield it from premature membrane interactions during biosynthetic
processing of C8o—y. The demonstrated ability to produce functional C8a. as a
recombinant protein in mammalian cells now renders such a possibility unlikely.?’

Also considered was the possibility that C8y uses its putative ligand-binding site
to recognize a small hydrophobic region on C8a., which then serves to “dock” both
proteins prior to intracellular formation of C8a—y. This possibility is now also
considered unlikely. The small size of the C8y ligand-binding pocket is not conducive
to accepting multiple or even single amino-acid side chains as ligands.>> More
recently, it was thought C8y may have a specific function in bacterial killing, which
would not be apparent in hemolytic assays that use erythrocytes as simple targets.
Experiments to test this hypothesis have shown that a complex of C8a + C8f is an
effective substitute for C8 in bacterial killing, at least when using a simple laboratory
strain of Escherichia coli.3” Although not required for expression of C8 bactericidal
activity, C8y does increase this activity when added to a preformed complex of
C8a+ C8p.

A. STtrucTURE OF C8y

C8y has the distinction of being the only lipocalin within the complement system,
and among the lipocalins it is one of only a few that form a disulfide-linked
heterodimer with another protein. Lipocalins are a large family of proteins that
generally bind small hydrophobic molecules.’'*? Some are bifunctional and also
bind to large soluble macromolecules and cell-surface receptors. They are widely
distributed in vertebrates and invertebrates, and are involved in diverse processes
such as retinol transport, olfaction, pheromone binding, invertebrate coloration, and
prostaglandin synthesis. The core structure, or “lipocalin fold,” is highly conserved
among family members.” It consists of an eight-stranded, antiparallel p-barrel,
which defines a calyx that encloses a ligand-binding site. Residues lining the interior
of the calyx and the size of the calyx vary among family members; thus, lipocalins
exhibit different ligand specificities.

To gain insight into the identity of its ligand and its role in MAC formation and
function, human recombinant C8y containing a C40 — G40 substitution was pro-
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FIGURE 10.4 Ribbon diagram of the C8y structure. In this rendering, the calyx is inverted
with the opening shown at the bottom. f3-strands are shown in yellow (A-J) and helices in
blue (H1-H3). H1 (S11-S14) and H2 (A24-F27) are one-turn 3,,-helices, whereas H3 is an
a-helix (D139-E151). Loop regions are designated L1-L7. L1 lies between strand A
(G29-G37) and B (T53-Q60); however, due to its disorder only part of the loop is shown.
L2 lies between B and C (A63-L72), L3 between C and D (I175-D85), and L4, which cannot
be seen in this view because it falls behind the structure, lies between D and E (R91-R94).
L5 lies between E and F (V103-T110), L6 between F and G (F115-R122), and L7 between
G and H (Q125-A132). Helix H3 lies between strand H and I (I159-Y161); strand I is joined
to J (V176-D178) by a random coil. Citrate ion from the crystallization buffer is shown at
the calyx opening. (Reprinted from E Ortlund, et al. Biochemistry, 41:7030-7037, 2002.
Copyright 2002, American Chemical Society. With permission.)

duced in insect cells, crystallized, and the structure determined to 1.2-A resolution.?
The coordinates can be found in the Protein Data Bank as entries 1LF7 and 11W2
for the native C8y structure at pH 4.0 and at pH 7.0, respectively. C8y displays a
typical lipocalin fold forming a calyx with a distinct binding pocket for a small
molecule (Figure 10.4). The structure consists of an eight-stranded continuously
hydrogen-bonded B-barrel with an additional ninth and tenth -strand extending the
barrel. Loop 1 (residues 38-52), which spans the open end of the calyx and restricts
access to the binding pocket in some lipocalins, is partially disordered. It contains
C40, which forms the disulfide bond to C8a., and is likely involved in binding C8a.
Indeed, crystals soaked with the synthetic C8a indel peptide display additional
electron density consistent with binding of the peptide near this loop.

Also of interest in the structure is well-resolved electron density corresponding
to a citrate ion from the crystallization buffer. This citrate ion lies within hydrogen
bonding distance of the e-NH,* group of K129 at the opening of the calyx (Figure
10.5). It is anchored by this lysine and stabilized through additional hydrogen bonds
to the guanidinium group of R70 and three water molecules. Within the vicinity of
the citrate ion and surrounding the entrance to the calyx are several positively charged
residues, namely R41, R49, R70, R100, and R122. This suggests that the natural
ligand for C8y contains anionic moieties such as carboxylate or phosphate groups
at one end.
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FIGURE 10.5 Positively charged opening to the C8y calyx. Left: Molecular surface of C8y
colored according to electrostatic potential. Positive charge is in blue and negative in red.
The orientation provides a view into the calyx. Citrate ion bound near the opening is rendered
with carbons in white and oxygens in red. Figure was generated by the program GRASP.>
Right: Citrate ion bound at the calyx opening. K129 coordinates two of the citrate carboxylate
groups while R70 and three water molecules are within hydrogen bonding distance from the
ion. Within the vicinity of the citrate are several other arginines and lysines (not shown)
capable of coordinating with anionic moieties. (Adapted from E Ortlund, et al. Biochemistry,
41:7030-7037, 2002. Copyright 2002, American Chemical Society. With permission.)

Compared to other lipocalins of known structure, C8y is most similar to human
neutrophil gelatinase associated protein (NGAL), a component of neutrophil gran-
ules.>>>¢ The backbone of NGAL superimposes well on C8y with the largest deviation
occurring in the loops at the calyx opening.?’ The C8y calyx is quite similar to that
of NGAL as it is fairly wide with hydrophilic, positively charged residues near the
opening. However, it is much deeper than that of NGAL. The apparent base of
NGAL’s binding pocket is formed by residues (F83, Y138, F123, and Y56) that fill
the deepest portion of the calyx. In C8y, the corresponding residues are Y83, Y131,
L120, and V57. Having smaller side chains on L120 and V57 creates a hydrophobic
cavity at the bottom of the calyx with an opening of sufficient size to allow pene-
tration of a single hydrocarbon chain.

Experimental evidence suggests the cavity itself can accommodate larger moi-
eties. When crystals were exposed to Xe gas to produce heavy atom derivatives,
strong density corresponding to two Xe atoms, and a third weaker peak, was observed
within the cavity.”® The relatively large Xe atom has been used as a probe to study
cavities and hydrophobic sites in other proteins.>’ Such regions are usually devoid
of ordered water and normally accommodate a single Xe atom. In agreement with
these observations, the deepest portion of the C8y calyx is hydrophobic and devoid
of ordered water, yet it is much larger (with a volume of about 100 A3) than a typical
protein cavity (Figure 10.6). The side chains of Y83 and Y131 appear to partially
restrict access to the bottom of the calyx and may act as a gate. To accommodate
even a single hydrocarbon chain, some conformational changes in these residues are
necessary.
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FIGURE 10.6 Hydrophobicity of the lower cavity within the C8y calyx. Left: GRASP ren-
dering of the hydrophobic lower cavity depicted as a molecular surface that is colored
according to the polarity of residues lining the cavity (nonpolar = yellow, polar = blue). The
surface is predominantly hydrophobic with some hydrophilic character present where the
surface contacts the hydroxyls of Y83 and Y131. In this side view of the calyx, one can see
that the cavity has a flat bottom that extends in a horizontal direction to fill the space created
by the hydrophobic residues. Right: Cross-sectional side view of the middle portion of the
C8y-binding pocket. Y83 and Y131 appear to form a gate to the hydrophobic lower cavity.
Above the gate and out of view is the positively charged hydrophilic entrance to the calyx.
The tyrosine hydroxyls are hydrogen bonded to four water molecules to form a hexagonal
arrangement that separates the hydrophilic and hydrophobic portion of the binding pocket.

Of particular interest are the large size and flexibility of loop 1, its close prox-
imity to the calyx entrance, and its covalent attachment to C8a.. These features may
have functional significance. In some lipocalins, loops at the calyx entrance undergo
conformational changes in response to ligand binding. In C8y, loop 1 could respond
similarly and if so induce a conformational change in C8a. Conversely, C8a may
undergo a conformational change upon incorporation into the MAC, induce move-
ment of loop 1, and thereby provide access to the calyx. In either case, loop 1 could
facilitate coordination between C8a. conformational changes and ligand binding.

B. LicaND BINDING PROPERTIES

The structure of C8y suggests that the natural ligand has a long and narrow hydro-
phobic tail with a negatively charged moiety at one end. This observation and the
fact that C8y becomes part of a membrane-associated complex prompted efforts to
determine if it binds fatty acids. In preliminary studies, crystals were soaked with
a mixture of saturated fatty acids (C12:0 to C20:0) and analyzed by x-ray diffraction
(L. Lebioda and J.M. Sodetz, unpublished data). Results revealed formation of a
C8y-laurate complex in which the alkyl chain penetrates deep into the hydrophobic
cavity, and the negative carboxylate group interacts with positive charges at the calyx
entrance (Figure 10.7). As predicted by modeling and shown by Xe binding, the
hydrophobic cavity can accommodate a larger moiety than the alkyl tail of laurate.
In these soaking experiments, laurate may have bound preferentially over
longer chain fatty acids due to solubility differences, differences in critical micelle
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FIGURE 10.7 Model of the C8y-laurate complex. Top: Molscript rendering showing bound
laurate and an imidazole ion from the soaking buffer as CPK models. Hydrophobic residues lining
the binding pocket are blue and hydrophilic are red. The hydrophobic tail of laurate penetrates
well into the hydrophobic pocket, which begins at the Y83 and Y131 phenolic oxygens. Middle:
Superposition of the C8y-laurate structure (blue) on native C8y (standard atomic colors). Y83 and
Y131 clearly shift upon binding, and the large cavity is only partially occupied. Bottom: Super-
position of the C8y-Xe (red), C8y-laurate (blue) and native C8y structures. Distances between the
phenolic oxygens of Y83 and Y131 are indicated. In the native structure this distance is 5.1 A,
while in the Xe-derivatized and laurate structures, these distances are 6.6 A and 7.4 A, respecti vely.
It is evident that Y83 and Y131 are able to shift their positions so as to allow for ligand penetration
into the lower hydrophobic cavity. This cavity has a volume of ~100 A3 in the native structure,
and apparently is increased in volume upon ligand binding; it is only partially occupied by the
bound laurate, while Xe occupies a larger portion of the available volume.
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concentration or other variables that were not controlled. Future experiments will
focus on individual fatty acids of different lengths as well as glycerophospholipids.
Importantly, these results suggest that fatty acid-related compounds are good can-
didates to consider as natural ligands for C8y. Also significant is the movement of
Y83 and Y131 in complexes containing laurate or Xe. This has mechanistic impli-
cations in that it suggests conformational changes in these residues may control
access to the lower cavity. Such changes may be induced by C8a when C8 incor-
porates into the MAC.

C. FunctioN oF C8y

Although its three-dimensional (3D) structure is now known, one can still only
speculate on the function of C8y and the identity of its ligand. If the natural ligand
has features of a fatty acid, one obvious source is the membrane on which the MAC
is formed. Exposure of glycerophospholipid in mammalian membranes or lipid A
from the lipopolysaccharide of Gram-negative bacteria may render fatty acid-like
side chains accessible to C8y. Such a binding function was not considered previously
because membrane photolabeling experiments detected no significant labeling of
C8y in the MAC.® For this reason, C8y was thought to be located on the periphery
and away from the membrane.

Another interesting observation is that C8y is not absolutely required for MAC-
mediated lysis of membranes. A complex of C8a and C8} is an effective substitute
for C8 in lysing simple cells such as erythrocytes and in killing Gram-negative
bacteria.?’*” However, the activity of this complex is lower compared to C8. Adding
exogenous C8y to the C8a + C83 complex increases both hemolytic and bactericidal
activities to a level comparable to C8. This indicates that C8y functions in some
manner to increase MAC activity. C8y may bind C8a and indirectly increase C8f3
affinity for C5b-7, or it may bind C8a and increase its affinity for C9. Another
possibility that now must be considered is whether C8y participates directly in the
cytolytic mechanism by binding membrane lipid.

If the natural ligand is a small molecule, then a source for such a ligand must
be considered. The MAC is normally formed on the outer membrane of Gram-
negative bacteria; thus C8y is potentially exposed to a variety of small molecules at
the site of an infection. Examples are inflammatory mediators such as prostaglandins
or eicosanoids. C8y could theoretically down-regulate the immune response by
binding and neutralizing the effectiveness of such molecules at the site of MAC
deposition. Such a possibility seems less likely now that the 3D structure of C8y is
known. The upper portion of the binding pocket appears too shallow, and because
of their size and polarity such molecules would not be compatible with the lower
cavity.

Another alternative to consider is whether C8y functions in a manner similar to
NGAL, its nearest structural homologue. NGAL was once thought to have immu-
nomodulatory activity by binding and clearing small lipophilic inflammatory medi-
ators, such as N-formyl Met.’®>° This hypothesis was discounted when binding
studies and the NGAL crystal structure revealed that such molecules are not likely
to be the natural ligands.>%% More recently, it was reported that NGAL binds bacterial
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ferric siderophores and has bacteriostatic activity.®! Siderophores are small organic
molecules that are synthesized by bacteria.®> They can function as iron chelators and
sequester iron from the local environment under iron-limiting conditions. These iron
complexes are recognized by bacterial outer membrane receptors, or transport pro-
teins, and can provide the iron source needed for growth.> NGAL binds catecholate-
type siderophores and has been shown to interfere with siderophore-mediated iron
acquisition by Gram-negative bacteria. The opening of the C8y calyx shares struc-
tural similarity with that of NGAL, and the possibility that C8y binds siderophore-
like molecules cannot be excluded. However, C8y differs from NGAL in that it has
a lower cavity that can be occupied by a ligand. Whether this distinction has
functional implications remains to be determined.

VII. CONCLUSION

Although proteins in the MAC family are all composed of modules, the above studies
suggest the function of these modules varies among family members. In C8a., they
are not required for recognition and binding to C8f or C8y, although they may
stabilize these interactions. Expression of a functional C8a MACPF fragment indi-
cates that folding of this portion of C8a also occurs independently of the modules.
Importantly, this suggests that within full-length C8a, the MACPF region is a distinct
self-folded domain. By contrast, C8a binding to C9 requires cooperative interaction
between the C8a N-terminal modules and the MACPF domain. For C8f, binding
to C8a is principally determined by the C8f3 N-terminal TSP1 module and MACPF
segment. Binding to C5b-7 may also involve elements in the N-terminal and MACPF
regions. These observations underscore the complexity of deciphering struc-
ture—function relationships within the MAC family of proteins. Determinants of
specificity within the family are not likely to consist of single, small segments of
primary structure, but more likely involve interactions between distant regions of
each protein. Furthermore, the regions involved may vary among family members
and not always involve the modules.

C8y is a unique complement protein because it is a member of the lipocalin
family and it has the potential to bind small ligands. Most complement components
undergo protein—protein interactions and none are specifically designed to bind small
molecules. By contrast, C8y may simultaneously bind C8a and a small molecule.
The significance of this dual function is unknown, and suggests that C8y has a
previously unrecognized role in MAC formation and function.

SUPPLEMENTARY MATERIAL ON CD

All figures, including Figures 10.4 through 10.7 in color, and their corresponding
captions are supplied on the companion CD.
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I. INTRODUCTION

The complement (C) system is a central component of innate immune defense that
has important roles in recognition and destruction of pathogens and handling of
immune complexes in vivo.? C also instructs the adaptive immune system and
enhances antibody responses to pathogens and other foreign particles.>* C comprises
a series of plasma proteins that interact in a proteolytic cascade, generating numerous
active products that are equally capable of destroying host cells and pathogens
(Figure 11.1). To avoid destruction of self, host cells express membrane regulatory
proteins (CReg) that inhibit C activation and its effects.” The CReg CD46 and CD55
act to inhibit the activation pathways of complement, whereas CD59, the subject of
this review, inhibits assembly of the cytolytic membrane attack complex (MAC).
The membrane attack or terminal pathway of C comprises a near-unique system
where a complex assembles from five soluble plasma proteins and acquires the
capacity to bind to and insert through target membranes and form a lytic pore (Figure
11.1).5-® The pathway begins with the cleavage of C5 in the activation pathways to
yield C5b. While still bound to the C5-cleaving convertase, nascent binding sites on
C5b recruit C6 from the fluid phase, and new sites on the complex are thus formed,
C5b6, recruit C7. The trimolecular complex C5b67 is then released from the con-
vertase to the fluid phase where it expresses a hydrophobic site that can bind the
complex into the lipid bilayer of the target. Binding to target is an inefficient process
and the majority of complexes formed are inactivated in the fluid phase by hydrolysis
and/or interaction with the fluid phase regulators S-protein and clusterin.® C5b67
complexes that do find membrane then recruit, through yet more newly acquired
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FIGURE 11.1 The C system and its control. The upper portion of the figure outlines the key
components and membrane regulators of the C activation pathways. The final product of the
activation pathways is C5b. The lower portion of the figure depicts the assembly of the MAC
on a membrane. C5b, while still bound to the C5 convertase, recruits C6 and C7, and the
trimolecular C5b-7 complex is released to the fluid phase where it can associate with mem-
brane. Further recruitment of C8 and multiple copies of C9 results in the insertion of the
complex into the membrane and formation of a transmembrane pore. CD59 acts to inhibit
C9 recruitment and pore formation.

sites, first C8 and then multiple copies of the final component, C9. As many as 12
C9 molecules may bind in each complex, although as few as one or two are sufficient
to create a functional pore. C9 molecules entering the complex undergo major
structural rearrangements, adopting an extended conformation that can traverse the
membrane; sequential recruitment of C9 leads to the assembly of the large pore
visible in electron micrographs of C-lysed cells. The recapitulation of this pore
structure from polymerization of C9 in vitro provides convincing evidence that a C9
multimer forms the MAC pore.'°

CD59 was first described in 1988—1989 as an 18- to 20-kDa protein extracted
from erythrocyte membranes that, when incubated together with a target cell and
complement, inhibited subsequent MAC-mediated lysis.!'-!* Others, investigating
the target of monoclonal antibodies raised against human leukocytes that enhanced
C-mediated lysis of leukocytes and erythrocytes, identified the same protein.!* Puri-
fied CD59 stably incorporated into the membrane when incubated with target cells
such as sheep erythrocytes, a property that suggested possession of a glycosyl
phosphatidylinositol (GPI) anchor, as had previously been described for the CReg
CD55.15 The presence of a GPI anchor was subsequently confirmed, and the structure
of the anchor in CD59 defined.'® Incorporation of CD59 into the membranes of
target cells conferred resistance to C lysis and enabled the further analysis of its
mechanism of action. By stepwise assembly of MAC on heterologous erythrocytes,
with CD59 incorporated after each step, it was shown that CD59 protected cells
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FIGURE 11.2 Inhibition of MAC formation by CD59. The upper scheme shows MAC
assembly in the absence of CD59. C9 binds to the C5b-8 complex, unfolds and inserts deeply
into the membrane, beginning the process of membrane disruption and creating sites for
recruitment of additional C9 molecules. These in turn unfold, insert, and assemble the MAC
pore. The lower scheme shows CD59 inhibition of MAC assembly. CD59, moving in the
plane of the membrane, encounters and binds the C5b-8 complex. The first C9 molecule can
still bind the complex but the unfolding and insertion steps are inhibited, likely due to steric
effects of the bound CD59. As a consequence, the membrane is not disrupted and no further
C9 molecules are recruited.

even when added after formation of the C5b-8 complex, the penultimate step in
MAC assembly. Further, CD59 bound tightly to the C5b-8 complex and prevented
the incorporation of multiple copies of C9 essential for membrane pore formation
(Figure 11.2).7-13 Even after the first C9 molecule had bound in the complex, addition
of CD59 inhibited subsequent recruitment of C9 molecules. Analyses of CD59
binding to purified terminal C components immobilized and denatured on nitrocel-
lulose or plastic suggested that CD59 was capable of binding both C8 and C9 in
the complex.!?

Using specific mAb, CD59 was shown to be broadly and abundantly distributed
in humans, being present on all circulating cells, endothelia, and almost all other
cell types examined.”® An important insight into the function and biological signif-
icance of CD59 was obtained from the observation that it is absent from the affected
circulating cells in the hemolytic disorder, paroxysmal nocturnal hemoglobinuria
(PNH), a consequence of defective GPI anchor formation.?!-?? It was suggested that
the absence of erythrocyte CD59 was responsible for the observed hemolysis, and
this was subsequently confirmed with the description of a single individual with an
isolated deficiency of CD59 who presented with a PNH-like illness.?* The conse-
quences of CD59 deficiency on endothelia and other tissues in this individual were
not determined. Other roles for CD59 are suggested by the observation that antibody-
mediated cross-linking of CD59 triggers cytokine release and cell proliferation in
T cells,*? and activation events in neutrophils.?6 CD59 has been implicated as a
ligand for the T-lymphocyte cell adhesion molecule CD2 and reported to trigger cell
activation through CD2.2728 However, direct measurement of interactions between
recombinant forms of CD2 and CD59 failed to confirm this observation.?
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Il. CD59 PRIMARY STRUCTURE AND HOMOLOGIES

CD59 cDNA was isolated by several groups and characterized as a 1165-nucleotide
sequence encoding a 128 amino acid (AA) precursor polypeptide (Figure 11.3).1424
An additional cDNA species comprising 1243 nucleotides has been described, aris-
ing from alternative splicing in the gene that incorporates an additional exon, termed
the alternatively spliced exon (ASE), between exons 1 and 2 in the predominant
species.’® The precursor polypeptide comprises a 25 AA amino-terminal leader
peptide (51 AAs when the ASE is spliced in) and a 26 AA carboxy-terminal GPI
anchor addition signal, both of which are removed during processing to yield a 77
AA mature protein (Figure 11.3). The GPI anchor is attached at Asn77.3! The mature
protein contains a single potential N-glycosylation site at Asn18 and ten Cys residues
forming five intramolecular disulfide bonds: Cys3-Cys26; Cys6—Cysl3;
Cys19-Cys39; Cys45-Cys63; Cys 64—Cys69.3! At least some of these disulfide
bonds must be essential for function, as exposure to reducing agents caused irre-
versible loss of MAC-inhibitory capacity in CD59.

Sequence and structural homologies have been noted with the urokinase plas-
minogen activation receptor (uUPAR), the murine Ly-6 antigens, the related T-cell
activating protein and several nonmammalian proteins, including elapid snake venom
toxins such as bungarotoxin. Consequently, it was proposed that all of these proteins
belong to a superfamily of diverse function but of related structure.? The conserva-
tion of Cys residues and disulfide bonding pattern in particular suggest that these
molecules share a particularly favorable structural motif that is used for many
proteins of divergent function. Evidence for a protein superfamily was also provided
from analyses of gene structure. The CD59 gene is comprised of five exons spanning
26 kb on chromosome 11p14-p13; the first exon encodes the leader sequence, exon
2 is alternatively spliced (ASE referred to above) and is expressed as additional
leader sequence in a minority of total mRNA, and exons 3 and 4 encode the mature
protein.3* uPAR and other family members, although scattered throughout the
genome, retain similar gene structures.?*

MGIQG GSVLFGLLLV LAVFCHSGHS

1 1
LQCYNCPNPT ADCKTAVNCS DSFDACLITK
[ A
AGLQVYNKCW KFEHCNFNDV TTRLRENELT

YYCCKKDLCN FNEQLEN
| I

GGTSLSEKTV LLLVTPFLAA AWSLHP

FIGURE 11.3 Primary structure of human CDS59. The leader sequence and GPI anchor
addition sequence removed during processing are underlined and on separate lines. The GPI
anchor is attached at Asn77 in the mature peptide sequence. The single site for N-glycosylation
at Asnl8 is arrowed. Disulfide bonds are illustrated by brackets.
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FIGURE 11.4 The carbohydrate group on CD59. A schematic representation of the extent
of glycosylation of CD59 in comparison with the protein core. The protein core is based on
the solution structure coordinates reported by Fletcher et al.#? The carbohydrate structures are
modeled as described by Rudd et al.*® The single large N-glycan attached at Asn18 is modeled
to the left of the protein core, and putative O-glycans are modeled to the right. (Adapted from
PM Rudd, et al. J. Biol. Chem., 272:7229-7244, 1997.)

The predicted molecular mass (M,) of CD59 from the 77-AA mature protein
sequence is about 11.5 kDa; however, on SDS-PAGE, the protein migrates with a
M, of between 18 and 25 kDa, depending on the cell or tissue source. Enzymatic
deglycosylation to remove N-linked carbohydrate was found to reduce the M, by
between 4 and 6 kDa, demonstrating that the single predicted N-glycosylation site
at Asnl8 was occupied by a large and heterogeneous carbohydrate group.’> The
carbohydrate group of erythrocyte CD59 was subsequently subjected to intensive
analysis, and shown to comprise a complex mixture of branching biantennary struc-
tures with or without lactosamine extensions and with outer-arm fucose residues
(Figure 11.4).3%37 Evidence for a limited degree of O-glycosylation was also found.
Although early studies suggested an essential role for the N-linked carbohydrate in
C regulatory activity, later work failed to support this observation, and the functional
significance of this enormous carbohydrate structure remains obscure.’** Indeed, it
has been reported that removal of the N-glycosylation site by mutation of Asnl18 in
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FIGURE 11.5 Three-dimensional structures of CD59. Three representations of the structure
of CD59 obtained from Protein Explorer (http://molvis.sdsc.edu/protexpl/frntdoor.htm) using
the Protein Data Bank identification code 1CDR. Frame A shows a simple ribbon represen-
tation without the carbohydrate, but with all disulfide bonds shown; Frame B, a space-filled
representation with the N-glycan visible at top left; and Frame C, a backbone representation
without disulfides but with carbohydrate. All are at the same orientation and scale.

a recombinant soluble form of CD59 results in a sevenfold enhancement of com-
plement inhibitory activity.*0

Two groups have independently described three-dimensional (3D) structures of
CD59 by two-dimensional nuclear magnetic resonance (NMR) analyses of a urine-
derived, glycosylated soluble form of CD59 and recombinant soluble CD59
expressed in a glycosylation-deficient CHO cell, respectively.*=* The two structures
were remarkably similar, revealing a single-domain, disk-shaped molecule compris-
ing a two-stranded [-sheet finger loosely packed against a protein core formed from
a three-stranded (-sheet running antiparallel to the first, and a short helix (Figure
11.5). The seven-residue carboxy-terminal stalk was present, and defined only in
the urine-derived CD59 structure, where it packed against the three-stranded (3-sheet
on the opposite face to the helix. Structural analyses confirmed the positions of the
disulfide bonds that had been previously ascribed from chemical cleavage data. The
four finger-like loops predicted from the positions of the disulfide bonds are readily
apparent in ribbon diagram representations of the structures (Figure 11.5).



Structure-Function Relationships in CD59 257

A B Cc
L33

D12 . %\
L54 N8 R
K38 Y62 . )
T EWA0 Y4 _ Wigg: \g53
’
K41 F23 N18 Fao
D24 D24

f

FIGURE 11.6 “Active site” residues in CD59. The figure summarizes mutagenesis data from
Bodian et al.,?® that identified a putative active site in CD59. Mutations at the residues arrowed
and labeled in each view markedly reduced the MAC-inhibitory activity of CD59. The views
shown are A, “front,” B, “back” (180°-rotation from A) and C, “side” (90°-rotation from A).
(Adapted from DL Bodian, et al. J. Exp. Med., 185:507-516, 1997.)

N57

CD59 orthologs from primate, pig, sheep, rabbit, rat, and mouse have been
identified and characterized to varying degrees.*** Although sequence identities
between CDS59 orthologs in different species are not remarkable, key structural
features are retained; the disulfide-bonding pattern is conserved, all have large N-
linked carbohydrate moieties in the same region of the molecule, and all are GPI
anchored at similar sites in the mature protein. Human CD59 and all orthologs
characterized to date inhibit complement from many different species, although often
with different degrees of relative effectiveness, providing strong evidence that the
functionally relevant sites in the molecule are conserved between species.™®

I1l. ACTIVE PEPTIDES, MUTAGENESIS, AND
“DOMAIN-SWAP” STUDIES IN CD59

In an early attempt to identify the active site in CD59, synthetic peptides comprising
the amino-terminal residues (1 through 41) and carboxy-terminal residues (42
through 77) were produced and tested for MAC-inhibiting activity.>! MAC regulatory
activity resided in the amino-terminal peptide and testing of successively smaller
peptides implicated first the region 19 through 41 and finally residues 27 through
38 as active inhibitors. Surprising in these studies was the range of small peptides
that appeared to express MAC-inhibiting activity; these data have not been replicated
or followed up in later studies, casting some doubt on their significance.
Site-specific mutagenesis of individual residues offers a potentially powerful
tool for elucidating the functionally important residues in a protein. There are several
different approaches for the rational selection of residues to be mutated. Choice may
be based upon the predicted positions of residues from the 3D structure (mutating
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residues predicted to be exposed at the protein surface), the identification of candi-
date “active site” residues from comparison with related molecules, or the identifi-
cation of evolutionary conserved residues where function is known to be conserved.
Each of these approaches has been applied to CD59. Petranka et al.>> mutated pairs
of Cys residues in order to remove individual disulfide bonds, and mutated or deleted
numerous individual residues and short stretches of sequence. Their main findings
were that three of the five disulfide bonds were essential for proper folding and
surface expression on CHO cells, and that mutations at Trp40 or deletion of the
Val50-Thr60 loop decreased or prevented expression. It was surprising that many
of the point mutations and loop deletions did not reduce CD59 activity; indeed,
several appeared to enhance activity. The epitope for mAb H16 was localized around
Tyr61, and for a cluster of mAb, including MEM43 and YTH 53.1, around Arg53.
Unfortunately, there were no clear examples of mutations or deletions that permitted
surface expression of a nonfunctioning protein, which limited the usefulness of this
study for identification of active site residues.

Based on interspecies conservation and data from active CD59-derived peptides,
Bodian et al.*® identified 17 candidate active site residues that were predicted from
the 3D structure to be surface expressed and distributed across the entire surface of
the molecule.’® Mutant proteins containing nonconservative substitutions at each of
the identified positions were all expressed at the membrane. Analysis of mAb binding
to the mutant proteins identified two CD59 epitopes; one defined by the function
blocking mAb BRIC229, YTH 53.1, MEM43, HC2, and 2/24 located around Trp40
and Arg53, and the other defined by the nonblocking mAb HC1 and MEM43/5
located around Leu53 and Glu56. Functional analyses revealed that mutations at
Asp24, Trp40, Arg53, or GIn56 markedly inhibited or abrogated activity. The latter
three residues cluster around a hydrophobic groove on the upper (membrane distal)
face of the CD59 disc, a location that is compatible with a role in interacting with
the forming MAC (Figure 11.6).

In another approach to the identification of functionally important residues, Yu
et al.>® substituted regions of Ly6E with corresponding regions of CD59. Ly6 is a
structural but not functional analogue of CD59, and functional analysis of the
chimeric proteins implicated the region between residues 16 through 57 as containing
the active site. A comparison of evolutionarily conserved residues within this region
revealed an almost linear arrangement of conserved residues and residue classes in
the 3D structure that were predominantly hydrophobic. The residues marked a groove
across the molecule corresponding to the hydrophobic groove identified above, and
point mutations within this groove supported its identification as the ligand-binding
site.

Point mutations in rat CD59 confirmed the importance of this hydrophobic
groove in the molecule. Ala substitutions at Tyr36, Trp40, Leu54, and Asp24 each
abrogated C inhibitory activity.”* Of note, substitutions at Lys48 enhanced C inhib-
itory activity; a Lys48Glu substitution enhanced inhibitory activity against a range
of sera whereas Lys48Ala enhanced activity only against human serum. These data
suggest that the a-helix, which contains Lys48 and is adjacent to the hydrophobic
groove in CD59, influences the interaction of CD59 with MAC component proteins.
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The chimera approach has also been used to identify regions that confer species
selectivity in CD59. Zhao et al showed that human CD59 was a poor regulator of
rabbit C and then assayed the activity of chimeric rabbit/human CDS59 proteins
against human and rabbit complement to identify the regions that conferred this
species selectivity.”> A chimera comprised of rabbit CD59 substituted with human
residues 42 through 58 behaved like human CD59 in terms of species selectivity.
On the other hand, human CD59 substituted with rabbit residues 42 through 58
mimicked the selectivity of rabbit CD59, identifying this region as being responsible
for species selective activity. Similar studies were performed with chimeras of rat
and human CD59, taking advantage of the fact that human CD59 is a poor regulator
of rat C.>® Here, a region comprising residues 40 through 66 was shown to confer
species selectivity. These residues were mapped on the 3D structure of CD59 and
shown to surround the putative active site. Further mutational analyses revealed that
human CD59 containing rat residue substitutions at Phe47, Thr52, and Arg55 had
species-selective activity comparable to rat CD59.57 The side chains of these residues
are all located on the a-helix, and form an exposed continuous strip parallel to the
helix axis.

Taken together, these studies provide strong evidence that the C5b-8—C5b-9-
binding site in CD59 is situated within the hydrophobic groove around Trp40 on
the membrane-distal face of the molecule. Additional residues surrounding this
groove appear to play a role as “gatekeepers,” excluding interactions with MAC
components from some species via indirect or allosteric mechanisms, and conferring
a bizarre patchwork of species incompatibilities. In particular, the a-helix appears
to be important in determining species selectivity. However, the data do not rule out
the possibility that CD59 residues involved in determining species selectivity par-
ticipate directly in ligand binding.

Mutational analyses in human CD59 have recently revealed a surprising and
potentially important motif that confers susceptibility to glycation.’® Protein glyca-
tion is a well-recognized event in diabetic patients, a direct consequence of the high
plasma glucose levels; indeed, glycation of hemoglobin is routinely used to monitor
diabetic control. Residues Lys41 and His44, adjacent to the putative active site
around W40 in human CD59, comprise the motif, and glycation of CD59 in vitro
markedly limits MAC-inhibiting activity. These observations have provoked the
suggestion that glycation-mediated inactivation of CD59 on endothelium contributes
to the vascular damage associated with poor glycemic control in diabetes. The
glycation motif is absent in rodent analogues of CDS59, perhaps explaining the
relative lack of vascular pathology in rodent models of diabetes.

IV. STRUCTURAL ASPECTS OF INTERACTION WITH
MAC COMPONENTS

In order to understand the structural aspects of CD59 interaction with and inhibition
of the forming MAC, it is necessary also to identify the binding regions in the MAC
component proteins. Functional and biochemical analyses indicate that CD59 does
not interact with the C5b-7 complex, but binds tightly into the C5b-8 complex,



260 Structural Biology of the Complement System

restricting incorporation of C9.'7 These findings suggest that CD59 binds sites
exposed on the C5b-8 complex that are also involved in binding C9. Data indicate
that CD59 also binds to nascent C5b-9 and limits the incorporation of multiple C9
molecules.!”!8 CD59 binds to the C8a chain and the carboxy-terminal b domain of
C9 when these proteins are denatured on western blots or adhered to plastic, pre-
sumably due to the exposure of cryptic binding sites that are normally revealed in
these proteins as they interact to form the MAC.!>° Interactions with native C8 and
C9 would not be anticipated given that these proteins are present at significant
concentrations in plasma.

By taking advantage of the species selectivity of human and rabbit CD59
described above, functional analysis of chimeric C8a. and C9 molecules was used
to identify CD59-binding regions. Functionally important C8ca and C9 regions were
identified when the ability of human CD59 to inhibit the assembly of the chimeric
proteins into a functional MAC was compromised. These studies indicated that the
CD59 recognition domain was contained between residues 334—415 in C9 and
between 320-415 in C8a.%*¢! Binding studies with a C9-derived peptide further
refined the CD59-binding site of C9 to a loop between Cys359 and Cys384.6?
Similarly, binding analyses with a C8a.-derived peptide better defined the CD59-
binding site of C8a to residues 334-385.%! Thus, the regions of C8a and C9 that
interact with CD59 overlap areas of homology. In both molecules, this region
comprises a single loop constrained by cysteine residues. However, whereas this
intrachain disulfide bond is essential for interaction in C8a (linear peptides do not
bind), it is not necessary for C9, indicating that the latter event is less conforma-
tionally sensitive. A second region of C9 has also been implicated in binding to
CD509; a peptide corresponding to the hinge region of C9 (residues 247-261) bound
to CD59, and inhibited function as assessed by enhanced MAC-mediated lysis of
erythrocytes.® Further support for the involvement of the hinge-containing region
of C9 came from C9 mutagenesis studies in which regions of human and horse C9
were exchanged. Substitution into the poorly lytic horse C9 molecule with the human
residues 145 through 290, spanning the “hinge” region, created a chimera with lytic
activity equivalent to that of human C9.%

The obvious next step in solving the structural aspects of CD59 interaction with
the MAC is to obtain 3D structures for CD59 in association with terminal C com-
plexes, individual components, or CD59-binding peptides derived from the compo-
nents. Apart from a low-resolution solution-scattering structure of C9,% no 3D
structures of any of the terminal pathway components (C6, C7, C8, C9) or complexes
have been reported. Perhaps it would now be timely to revisit the CD59-interacting
peptides described above and obtain definitive binding data prior to attempting co-
crystallization or NMR analyses of stable complexes.

V. STRUCTURE-GUIDED DRUG DESIGN

The MAC is implicated in mediating pathology in a variety of diseases and disease
conditions, and inhibiting assembly of the MAC in vivo is an attractive therapeutic
option.®¢7 Agents targeting the C activation pathways block not only pathological
activation, but also the physiological activation that is important for opsonization of
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bacteria and immune complexes. In this way, blockade of activation pathways may
trigger further pathology. In contrast, inhibition of the MAC can profoundly decrease
C-mediated pathology without blocking opsonization. In nature’s experiment, indi-
viduals deficient in terminal pathway components are normal apart from an increased
susceptibility to infection with Neisseria, easily dealt with by vaccination and/or
appropriate antibiotic cover. Soluble recombinant forms of CD59 efficiently inhibit
MAC assembly in ‘clean’ systems where purified C components are used to generate
the MAC, but are not very effective in the presence of plasma, limiting use in vivo.
In this context, another important aspect of CD59 function is that its activity is
significantly enhanced when it is positioned in close proximity to the target mem-
brane at the site of MAC formation.®®% A better understanding of the interaction
between CD59, its complement ligands, and its mode of action will assist in the
rational design of therapeutic molecules for the modulation of MAC activity based
on the interacting regions in C9 and the terminal complement components.

As a final consideration, a role for tumor CD59 in immune evasion is indicated
by the finding that some tumor cells overexpress CD59, and that CD59 expression
can promote tumor growth in animal models.”®”! Thus, structure—function analysis
of CD59 is also relevant to the design of CD59 inhibitory molecules that may have
utility in cancer therapy, provided that they can be appropriately targeted.

SUPPLEMENTARY MATERIAL ON CD

All figures, including Figures 11.2, 11.4, and 11.5 in color, and their corresponding
captions are supplied on the companion CD.
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I. INTRODUCTION

A characteristic of all of the components of the complement pathway is that they
are modular proteins, built up either of single copies of several different domains
or of multiply repeated copies of a single domain. The subject of this chapter is the
~40 residue cysteine-rich domain that occurs in a single copy in complement
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components C6, C7, C8a, C8f3, C9, and factor I. It is also found in all members of
the low-density lipoprotein receptor (LDLR) family, as well as in several other
unrelated proteins (Table 12.1). Including species variants, over 1500 examples of
this domain have been documented. Its occurrence in several complement compo-
nents and in the family of LDLR proteins has led to two designations for the domain:
the complement-like repeat (CR) and the LDLR-A domain (the LDLR-B domain is
a second cysteine-rich repeat also found abundantly in LDL receptor family members
that have the EGF fold). Here the designation CR will be used to refer to the domain.
Since very little work has been carried out on these domains from the complement
proteins themselves, most of the work discussed relates to LDLR family proteins.

I1. OCCURRENCE OF COMPLEMENT-LIKE REPEATS

The occurrence of CRs in complement proteins and in LDLR family members shows
a distinct pattern. In the complement proteins, C6, C7, C8a., C8f3, C9, and factor I,
each contains only a single CR domain (although factor I contains an additional
imperfect CR domain that lacks two critical cysteine residues) (Figure 12.1). For all
of these proteins except factor I, the CR domain immediately follows a thrombo-
spondin type-1 domain (TSP-1). This common organization reflects the close evo-
lutionary relationship of these complement components.' Factor I, a proteinase, is
quite distinct in organization, being composed of a heavy and light chain formed
by processing of a single polypeptide precursor, and held together by a disulfide.?
The heavy chain, composed of the N-terminal portion of the precursor has an EGF
domain at the N-terminal end and a CR domain at the C-terminal end. The light
chain contains the serine proteinase domain. As with pairs of CR domains in the
LDLR family members, there appears to be a linker region between the thrombo-
spondin domain and the CR domain in each of C6, C7, C8a., C8p, and C9, giving
the possibility of independence of the two domains.

In all of the LDLR family proteins, CR domains occur in clusters ranging in
size from two copies in the case of the first cluster from LRP (low-density-lipoprotein
receptor—related protein), to a cluster of 12 copies for the fourth cluster from LRP1B
(Figure 12.2 and Table 12.1). Both LDLR and VLDLR contain only a single cluster
of CR domains, containing seven and eight copies, respectively. In LRP, there are
four clusters, designated 1 through 4, from the N- to C-terminal. For all of these
receptors, domains within each cluster are linked by short stretches of polypeptide
that are expected to be unstructured, and therefore to act as loose linkers that allow
independent motion of each CR within the cluster. These linkers are variable in both
length and composition, and range from 4 to 12 residues. It is also of note that in
the LDLR family of proteins, the clusters of CR domains appear to be the exclusive
sites for binding of the various protein ligands. In addition, these binding sites appear
to always involve more that one CR domain. This is discussed in more detail in
Section VL.

LDLR and VLDLR have a limited repertoire of protein ligands related to lipo-
protein metabolism. Importantly, these include apoB100 and apoB48. In contrast,
LRP has specificity for an extremely large number of ligands with, in some cases,
unrelated structure and/or function (Table 12.2). It is of interest that one of the
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TABLE 12.1
Proteins Containing Complement-Like Repeat Domains
Number of
Complement-Like
Protein Repeat Domains Function of Protein Reference
Co6 1 MAC component 59
Cc7 1 MAC component 60
C8a 1 MAC component 61
C8p 1 MAC component 62
Cc9 1 MAC component 63
Factor 1 2 Proteinase specific for C3b and C4b 50
LDLR 7 Lipoprotein receptor 64
VLDLR 8 Lipoprotein receptor 65
LRP 31 in four clusters of Scavenging and signaling receptor, with 66
2,8,10 and 11. many ligands
LRP1B 32 in four clusters of Putative tumor suppressor 67
2,8, 10 and 12.
Megalin (gp330, LRP2) 36 in 4 clusters of 7, Involvement in proper renal filtration 68
8, 10, and 11. functioning
ApoER2 (LRPS) 7 in humans Receptor for apoE 69
LRP3 5 Unknown 70
LRP5 3 Wnt signaling 71
LRP6 3 Wnt signaling 72
LRP7 3 Unknown 73
Perlecan 4 Heparan sulfate proteoglycan 74
Sortilin-related receptor 11 Lipoprotein lipase uptake 75
Corin 7 Transmembrane serine proteinase 76, 77
expressed in heart
Enterokinase 1 Intestinal trypsinogen activator 78
proteinase
MSP1 1 Membrane serine proteinase 1 79
MSP2 2 Membrane serine proteinase 2 80
Tva 1 Receptor for avian Rous sarcoma virus 81
TMS3 1 Membrane serine proteinase 82
TMS4 1 Membrane serine proteinase 83
Membrane-type 1 Possible involvement in Wnt signaling 84
frizzled-related protein
Relaxin receptor 1 1 G-protein coupled receptor 85
Relaxin receptor 2 1 G-protein coupled receptor 86
ST7 3 Putative tumor suppressor 87
ST14 4 Putative tumor suppressor 88
Neuropilin/tolloid-like 1 1 Possible signaling receptor 89
C181 1 Alternative splicing of C180RF1 90
Integral membrane 1 Putative adhesion receptor 91
protein
Kunitz-type proteinase 1 Serine proteinase inhibitor 92

inhibitor 1
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FIGURE 12.1 Schematic representation of complement proteins that contain a CR domain.
Domains are shown approximately to scale. The central region from residue ~150 to ~490 is
the membrane attack complex/perforin domain. TSP-1, thrombospondin type-1; CR, comple-
ment-like repeat; EGF, EGF-like repeat; SCR, short consensus/complement repeat; FIM,
factor I module.
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FIGURE 12.2 Schematic representation of representative members of the low-density lipo-
protein receptor family of proteins showing the domain organization. All of these receptors
are single transmembrane helix-containing receptors, with short cytoplasmic tails containing
one, two, or three NPXY internalization motifs.

ligands for LRP is activated C3,> which may bind to LRP analogously to the
evolutionarily related plasma protein o,-macroglobulin (a,M).* a,,M binds to LRP
through its extreme C-terminal domain of 137 residues, termed the receptor-binding
domain. Although there are no reports of C4 or C5 binding to LRP, the common
ancestry they share with C3 makes it possible that these complement proteins might
also bind to this receptor.
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TABLE 12.2

Selected Protein Ligands That Bind to Low-Density-Lipoprotein

Receptor—Related Protein

Ligand Nature/Function of Ligand Reference

ApoE Lipoprotein component 93

Lipoprotein lipase Lipoprotein component 94

Hepatic lipase Lipoprotein component 95

B-VLDL Lipoprotein particle 96

Chylomicron remnants Lipoprotein particle 97

a,M (activated) Proteinase complex: clearance and signaling 98

C3 (activated) Complement component 3

Serpin/proteinase complexes Covalent clearance complexes of serine 99-103
proteinases with serpin inhibitors

tPA, uPA Multidomain serine proteinase 104, 105

PAI-1 Serpin with specificity for plasminogen 106
activators

Tissue factor pathway inhibitor Kunitz-type serine proteinase inhibitor 107

B-Amyloid precursor protein Transmembrane protein 108

B-Amyloid peptide Possible role in Alzheimer’s disease 109

Thrombospondin-1 ECM protein involved in cell attachment and 110
platelet interaction

Lactoferrin Iron transport, bacteriostatic, cysteine 111
proteinase inhibitor (cystatin-like)

Pseudomonas exotoxin Bacterial endotoxin 112

HIV tat Transactivator protein of HIV-1 113

Receptor-associated protein (RAP) Endoplasmic reticulum-resident chaperone 114

Pregnancy zone protein (PZP)

and competitive ligand
Macroglobulin, proteinase inhibitor

115

Several other unrelated proteins also contain the CR domain. One is perlecan,
which is a proteoglycan that contains four copies of the CR domain, the sortilin-

related receptor, which contains 11 CR domains, and several membrane-associated
serine proteinases, which contain from 1 to 7 CR domains (Table 12.1).

I1ll. COMMON STRUCTURAL FEATURES OF
CR DOMAINS

A. CYSTEINE AND DISULFIDE PATTERN

The identification of a region of polypeptide as being a CR domain is based on a
distinct primary structure pattern of six conserved cysteine residues and certain
conserved acidic residues (Figure 12.3). The spacing between the cysteines is vari-
able to some extent, with the ability to accommodate insertions being greatest
between cysteines B and C, and least between cysteines D and E. It was shown
chemically for LB1 and LB2 that these form disulfides in the pattern AC, BE, DF,>¢
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FIGURE 12.3 Pattern of cysteine residues that characterizes a complement-like repeat
domain. The designation A through F for the six cysteines is used elsewhere in the text.

which was subsequently confirmed for LB1 by the first nuclear magnetic resonance
(NMR) structure.” (Note that the designation LB is used for CR domains from LDLR,
indicating that this is the ligand-binding region.) Not surprisingly, the common
pattern of cysteines translates into the same pattern of disulfides in all structures
determined thus far, and is likely to be absolutely conserved in all CR domains. The
conserved acidic residues contribute to a calcium-binding site and are discussed
below.

B. CommoN FolLb

Structures of 11 CR domains are known, determined by x-ray crystallography, NMR
spectroscopy, or both techniques (Table 12.3). The most complete set of structures
is for the LDLR, for which there is a structure at low pH of the whole extracellular
portion from the start of the second CR domain through the end of the EGF domain
that follows the YWTD propellor domain.? An earlier higher resolution x-ray struc-
ture of LBS was the first x-ray structure of a CR domain.” NMR structures have
also been determined for domains LB1,” LB2,!° LB5, and LB6!"!2 from the LDLR

TABLE 12.3
Structures of Complement-Like Repeat
Domains
Receptor  Domain Method Reference
LDLR LB1 NMR 7
" LB2 NMR and x-ray 8, 10
" LB3 X-ray
" LB4 X-ray 8
" LB5 NMR and x-ray 8,9
" LB6 NMR and x-ray 8, 11
" LB7 X-ray
LRP CR3 NMR 13
" CR7 X-ray 15
" CR8 NMR 14
Tva Tva NMR 16

NMR, nuclear magnetic resonance.
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FIGURE 12.4 Representative folds of complement-like repeat domains, in ribbon represen-
tation. Structures shown are (left to right) LBS from LDLR (PDB 1AJJ), CR3 from cluster
2 of LRP (PDB 1D2L), and Tva (PDB 1JRF). The three disulfides are indicated.

(the designation LB is routinely used by workers in the LDLR field). For LRP, there
are two NMR structures for CR3'3 and CR8,'* and one x-ray structure for CR7."
All three of these structures are from cluster 2, the principal ligand-binding region
of LRP. The only other CR domain for which a structure has been determined is the
single CR domain of Tva, the receptor for the avian Rous sarcoma virus.'® Unfor-
tunately, there are as yet no structures of any of the CR domains from complement
proteins.

All structures of CR domains thus far determined are for complexes with calcium
and have a common fold, which is shown for representative examples in Figure 12.4;
one example each from the three proteins for which such structures exist (LDLR,
LRP, and Tva) is provided. The dominant feature is that the pattern of disulfides
ensures that the proteins are folded as two lobes of approximately equal size. The
two lobes are connected at the “top” by the BE disulfide and at the “bottom” by a
one turn a-helix. Depending on the length and amino acid sequence of the polypep-
tide between cysteines B and C, there is a two-strand mini (3-sheet. The single CR
domain from Tva has an especially long insert between cysteines B and C, which
also includes an adjacent proline pair. These features preclude formation of the {3-
sheet. Within the C-terminal lobe of CR domains, there is no ordered secondary
structure. This lobe, however, contains all residues that contribute to the calcium-
binding site (see below).

C. HyprorHoBIC CORE

Although the small size of the CR domain precludes the existence of a large
hydrophobic core, there is nevertheless a small number of hydrophobic residues
whose side chains pack together, and which are required for efficient folding and
stability of the domain. Thus, a large hydrophobic residue is almost invariably present
two residues before cysteine B. This is most often phenylalanine, but there are also
a few instances where it is tyrosine, tryptophan, alanine, and even histidine (Figure
12.5). Immediately following cysteine C, there is another nearly invariant hydro-
phobic residue. This is usually isoleucine, leucine, or valine, although there are
individual examples of alanine, tyrosine, and lysine. (Note that although lysine is
most often thought of as a charged polar residue, its long methylene side chain is
hydrophobic.) Finally, there is usually a hydrophobic residue two residues before
cysteine D. This is mostly tryptophan, but there are also examples of leucine,
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FIGURE 12.5 Location of conserved cysteines, hydrophobic residues, calcium-coordinating
residues, and other conserved residues. Sequence shown at top is that of the complement-like
repeat domain from human C6.

FIGURE 12.6 Examples of the packing of the hydrophobic cores. Stick representations of
the phenylalanine, isoleucine, and tryptophan that pack together to form the hydrophobic core
in CR7 from LRP and LB5 from LDLR.

phenylalanine, tyrosine, valine, proline, and asparagine. Together, these three resi-
dues compose the minihydrophobic core (Figure 12.6), and play an important role
in correct folding and in creating the calcium-binding site (see below).

D. CarLcium-BINDING SITE

Besides the absolutely conserved set of six cysteine residues, there is a set of acidic
side chains exclusively in the C-terminal lobe that is very strongly conserved (Figure
12.5). These are a hallmark of CR domains and contribute to a structurally essential
calcium-binding site. Thus, of the five residues that lie between cysteines D and E,
the first and last are, with very few exceptions, aspartate. Following cysteine E, an
aspartate two-residue C-terminal is highly conserved, while there is an absolutely
conserved, aspartate-glutamate pair, three-residue further C-terminal. The x-ray
structures of CR domains determined thus far provide proof that the carboxyl side
chains of these four acidic residues coordinate to a calcium ion that is held within
the C-terminal lobe of the domain, which is essential for the structural integrity of
the domain (see below) (Figure 12.7). The remaining two calcium ligands are
backbone carbonyls from residues two positions before cysteine D (one of the three
hydrophobic core residues) and from the middle residue of the pentapeptide between
cysteines D and E (Figure 12.5). Even though the latter residue is sometimes acidic,
it seems not to coordinate to calcium through its carboxyl side chain, based on the
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CR7

FIGURE 12.7 Depiction of the calcium-coordinating residues in CR7 and LBS5. One letter
code is used to indicate the types of residues involved in calcium coordination. The numbering
used is internal, designating cysteine A as residue 1. The calcium ion is shown as a sphere.

x-ray structure of CR7, which has such an acidic residue, but which nevertheless
coordinates through its backbone carbonyl.'?

E. DyNamics oF TANDEM PAIRS

NMR examination of tandem pairs of CR domains in solution has allowed the
examination of the freedom of movement of one domain relative to another. This
has been done for the pairs LB1-LB2!7 and for LB5-LB6!? both from the LDLR.
The linkers between cysteine F of the first domain and cysteine A of the second are
each four residues long. In both cases, the linkers allowed unconstrained movement,
with no indication of domain—domain interactions acting to favor one conformation
over another, whereas the CR domains themselves were almost uniformly rigid
between cysteines A and F. Similar results have been obtained from this laboratory
on the tandem pair CR7-CR8 from LRP, which has a ten-residue linker between
the domains (Esposito et al., unpublished data). That this is unlikely to be an artifact
of looking only at an isolated pair, rather than the whole cluster, is suggested by the
x-ray structure of the extracellular region of the LDLR, which shows the CR domains
to be unassociated with one another, and loosely linked by the intervening, mostly
short stretches of polypeptide.®

IV. ROLE OF CA%+-BINDING SITE
A. RoLE IN PrROTEIN FOLDING

All CR domains examined thus far appear to have a single Ca*-binding site that
involves the conserved acidic residues of the C-terminal lobe of the domain. In the
absence of bound Ca?, two-dimensional ['H,"’N] HSQC spectra of CR domains
show very little dispersion in the 'H dimension, whereas addition of Ca?* results in
a dramatic increase in dispersion, consistent with adoption of a structured unique
conformation (Figure 12.8). This was also seen in an earlier one-dimensional 'H
NMR spectrum of LB5 from LDLR.!® In addition to rigidifying CR domains that
already have correctly folded disulfides, Ca?* may also play an important role in
ensuring the correct folding of the domain. This has been demonstrated in vitro for
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FIGURE 12.8 Effect of Ca?* on ['H,""N] HSQC NMR spectrum of CR3 from LRP. Spectrum
at left is of the apo-domain, whereas the spectrum at the right is after addition of 10 mM
Ca?*. The apo-protein shows very little variation in "H chemical shift, suggesting an unstruc-
tured domain, whereas Ca?* results in much greater chemical shift dispersion. LRP, low-
density-lipoprotein receptor—related protein.

LDLR domains and for the single CR domain from Tva. In the study on LB5 from
the LDLR, it was shown that in the absence of Ca?* multiple isomers of the domain
were formed, corresponding to non-native disulfide forms, with only a small per-
centage forming the correct disulfide bonds. In the presence of Ca?*, however, only
a single correctly folded isomer was formed. Similar results were also found for
Tva,'” with Ca?* playing an essential role in favoring formation of the correct
disulfides. It has also been shown in human glioblastoma cells that Ca** depletion
results in more aggregation of LDLR with consequently less of the receptor pro-
cessed to the mature form.20-2!

B. Ca2%* AfrINITY

Detailed analysis of Ca?* affinity for CR has been performed for only a few domains
(Table 12.4). The highest affinity reported is for LBS, for which a K, of ~70 nM
has been determined at pH 7.0 by monitoring change of endogenous tryptophan
fluorescence in the presence of EGTA as a competing chelator.’® An independent
determination of the K, by isothermal titration calorimetry has, however, reported
a somewhat weaker binding (K, 0.5 uM), though this may result from the difficulty
of determining a very tight binding interaction using this technique.'> Significantly
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TABLE 12.4
Thermodynamics of Ca?* Binding
Temperature Kp AG® AH?® —TAS?

Domain (°K) pH (M) (kcal mol-") (kcal mol-") (kcal mol-') Reference
LB1 298 7.4 7 -7.1 22
LB1 293 75 48 -59 17
LB2 293 7.5 48 -5.9 17
LB5 NS 7.0 0.07 -9.6 18
LB5 303 7.4 0.5 -8.7 -6.5 -2.2 15
LB5 303 5.0 13.1 -6.7 -2.3 -4.4 15
CR3 303 7.4 8.0 -7.1 -4.9 -2.2 15
CR3 303 5.0 12.5 -6.8 -6.3 -0.4 15
CR7 303 7.4 12.6 -6.8 -5.7 -1.1 15
CR7 303 5.0 640 -4.5 =77 +3.2 15
CR8 303 7.4 6.1 -7.2 -5.3 -1.9 15
CR8 303 50 205 -6.3 -3.5 -3.0 15
Tva 303 74 40 -6.4 -0.8 -7.3 19

NS, not specified.

weaker affinities, in the 5- to 20-uM range, have been reported for CR3, CR7, and
CRS8 from LRP, for LB1 from LDLR, and for Tva.!519.22

The pH dependence of Ca?* affinity has only been examined for CR3, CR7,
CRS, and LBS5, carried out by isothermal titration calorimetry. This showed a reduc-
tion in affinity for each CR domain as the pH was reduced. The magnitude of the
reduction varied greatly among the different domains. At one extreme the affinity
for CR7 was reduced about 50-fold upon change of pH from 7.4 to 5.0, whereas at
the other extreme the affinity of CR3 was only reduced by 1.5-fold for the same pH
drop. This complex behavior resulted from different relative contributions of AH
and AS to binding for these domains at the two pH values. Although AH remained
exothermic for all domains at both pH values, the magnitude of AH increased for
both CR7 and CR3 as the pH was lowered, whereas it decreased significantly for
both CR8 and LBS. However, the entropic contribution to binding for CR7 and CR3
became much less favorable at the lower pH, thus offsetting the more favorable AH
to different extents, whereas the opposite behavior was observed for CR8 and LBS5,
with a more favorable entropic component partly offsetting the less favorable AH.
The source of the AH and AS changes is likely to involve not just the calcium-
coordinating ligands, but the effects of locking the previously flexible structure and
burying the previously exposed side chains that contribute to the minihydrophobic
core. This is well illustrated by calorimetric studies on Ca?* binding to wild-type
Tva and two mutants at constant pH. Although the K, values for Ca?* binding to
wt, and W48A and L34A mutants of Tva were 40, 48, and 100 uM, respectively,
the enthalpies of binding changed from slightly unfavorable to slightly favorable to
strongly favorable. Thus, for Ca?* binding to the CR domain of Tva and the W48A
mutant (W48 is a surface side chain, and therefore the variant is similar to wt),
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entropy change drives binding. In contrast, for the L34A variant, where the large
side chain that would otherwise go from exposed to buried environments is lost,
there is minimal entropy contribution, and instead binding energy derives almost
exclusively from AH change.

C. RoLE IN LiIGAND BINDING AND RELEASE

Given that Ca?* is required for locking the conformation of CR domains, it is
expected that ligand binding would be Ca?* dependent. This has in fact been shown
to be the case for LDLR, LRP, and VLDLR, with ligand binding under physiological
conditions either requiring the presence of Ca?* or being enhanced by it.2>-> For
LRP, it was furthermore shown that the Ca?* requirement is pH dependent, requiring
a higher concentration for equivalent ligand binding when the pH was 7.0 than when
it was 7.8. However, separate measurements of the binding of ¥Ca?* as a function
of pH and the binding of o,-macroglobulin-trypsin as a function of pH in the presence
of calcium, showed that ligand binding exhibited a much sharper decline than did
Ca?* binding as the pH was lowered. Thus, for this ligand, almost no binding was
detectable at pH 6.0, while Ca?* affinity was reduced only about 25%.%*

It is somewhat puzzling that La*, which binds tightly to CR domains from
LDLR and to LRP, and is likely to occupy the Ca?-binding site (see below), is
almost completely ineffective in promoting ligand uptake by LRP.>* Whether this
results from some variation in the mode of binding, such that essential carboxyl or
other side chains have altered availability for interaction with ligands is not known.

D. MEetHODS FOR DETERMINING Ca2+ AFFINITY

The nearly conserved tryptophan (two residues prior to cysteine D) that contributes
its carbonyl as a calcium ligand is sufficiently close to the calcium-binding site, and
sensitive enough to the conformational change that occurs upon calcium binding to
usually be a sensitive reporter of Ca?* binding. Large fluorescence enhancements
have been seen for CR3, CR8, CR7, and LB5 (Figure 12.9 and Table 12.5), ranging
from a 28% enhancement for CR7 to an approximate doubling for the other three
domains. The wavelength maxima showed no change or small red shifts. Thus,
monitoring endogenous tryptophan fluorescence change is usually a convenient
means of measuring Ca?* affinity. However, for LB1, it was found that there was
only a very small fluorescence enhancement upon Ca?* binding (3%), making accu-
rate quantitation of binding difficult.

Although sensitive isothermal titration calorimeters are less frequently available,
they provide a more dependable means of measuring Ca?* affinity and can simulta-
neously provide a complete description of the thermodynamics of binding. Mea-
surements can be made on ~1 uM CR domain (but depending also on the magnitude
of AH), so that accurate K, values can be expected for most CR domains that have
Ca?* affinities in the 5- to 20-uM range (Figure 12.10). The other approach that has
been used to examine Ca?* binding to LRP is equilibrium dialysis, using radioactive
450192+,
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FIGURE 12.9 Fluorescence spectra of CR domains from LRP as a function of added Ca?*.
Top row: Tryptophan fluorescence emission spectra of domains CR3, CR7, and CR8 from
LRP and of LBS5 from LDLR in the absence (lower trace) and presence of saturating Ca?*.
Bottom row: For the same domains, the fluorescence emission spectra as a function of added
Tb3*. For the tryptophan emission, the upper trace is the spectrum of the apo-protein and the
lower trace after addition of Tb**. For the Tb** emission peaks at ~490 and 545 nm, the upper
trace is the stimulated emission corresponding to resonance energy transfer from the tryp-
tophan. LRP, low-density-lipoprotein receptor—related protein; LDLR, low-density lipoprotein
receptor.

TABLE 12.5
Tryptophan Fluorescence Properties of Complement-Like Repeat
Domains

Fluorescence Intensity

Domain —Ca?* +Caz+ AF (%) Amax (NM) Alpax (NM) Reference
LB1 0.69 0.71 +3 350 0 22
LB5 0.31 0.66 +113 353 +1 15
CR3 0.37 0.75 +103 345 +6 15
CR7 1.00 1.28 +28 345 0 15
CR8 0.66 1.57 +138 345 0 15

Another consequence of the proximity of the Ca?*-binding site to the nearly
conserved tryptophan is that, if the Ca?* site is occupied by the lanthanide Tb3*,
excitation of tryptophan results in stimulated emission from Tb*" at much longer
wavelengths. Changes in Tb3* emission can therefore be used to follow Tb** binding,
and, in principle, Ca?* affinity can subsequently be determined by competitive
displacement, and followed by loss of the enhancement of Tb3* fluorescence.
Although this approach has not been used quantitatively, Ca* displacement of Tb**
has been used to show that the lanthanide does in fact occupy the calcium-binding
site.?? Affinities of the triply charged lanthanides (Gd** and Tb*) are somewhat
higher than for Ca** (approximately tenfold for CR3, CR8 and LB1). In addition to



278 Structural Biology of the Complement System

Time (min)
0 10 20 30 40 so so
T ¥ T . T T
|,'"Tq'ﬁwwrrrrrrrrrm'
i
Y
§-0.1— ‘ | g
2 |
2 1|
3
0.2 ' 1
-0.3 T T T T T T T T
E 0 auggfaanugnl
ﬂg ..II'
) -
£ -
S »
=2 = -
8
-

———T—T7— 7T
o 2 4 6 8 10 12 14

Molar Ratio

FIGURE 12.10 Ca* binding to CR3 followed by isothermal titration calorimetry. Upper
panel, raw data, showing heat evolved for each injection of Ca?*. Lower panel is transformation
of data into molar heat evolution, together with fit of data to a simple binding curve. The
experiment used 5 uM CR3.

being of use for determining K, values to CR domains, stimulated Tb3* fluorescence
is a good diagnostic for the successful refolding of recombinantly expressed CR
domains or clusters of domains, since it is so dependent on the correct positioning
of the conserved tryptophan relative to a metal-occupied Ca?*-binding site.

V. VARIABLE FEATURES OF CR DOMAINS

Although CR domains are identified based on their pattern of conserved cysteine
and acidic residues, the majority of the remaining residues, with the exception of
the three that contribute to the minihydrophobic core, are highly variable. Both the
length of the polypeptide between cysteine pairs and the composition are variable.
For the sequences of the ~190 distinct CR domains in humans, the pattern of
polypeptide lengths between cysteines is shown in Figure 12.11. Only the stretch
between cysteines D and E is invariant in length, at five residues. This region,
however, contains two of the conserved aspartates that coordinate to Ca?*, and forms
a loop surrounding one half of the Ca?*-binding site. The remaining intercysteine
loops can accommodate a length variation of as much as five residues. Perhaps more
important than the variation in length is the variation in sequence and of associated
charge. Since the only residues that have internal side chains are those that coordinate
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FIGURE 12.11 Pattern of insertion lengths between cysteines. The number of residues found
between pairs of cysteines for different CR domains is indicated above the intercysteine
arrows. The variation in overall length (3441 residues) between cysteines A and F is also
shown.

calcium, those that are part of the small hydrophobic core, and the cysteines that
form the three disulfides, the remaining side chains are surface accessible. Variation
in number, type, and distribution of nonconserved residues results in great variation
in the electrostatic surfaces of the modules. This is well illustrated by comparison
of the equivalent faces of four CR domains from LRP and LDLR (Figure 12.12),
which shows that each is quite distinct.

The ability to accommodate very different numbers and types of residues in CR
domains at positions other than those required for formation of the three disulfides,
the calcium-binding site and the small hydrophobic core, results from the smallness
of the domains, with the consequence that most side chains at the remaining positions
are solvent exposed. Minimal structural restrictions on the nature of these residues
are therefore likely. Given this lack of constraint, it is interesting to make a com-
parison of the sequences of all of the CR domains within LDLR, and, in parallel,
to compare the sequence of a given domain from LDLR from different species
(LDLR is used because of the availability of sequences from a number of species).
Each CR domain from human LDLR is quite distinct at the variable positions,
showing no pattern of similarity from one domain to the next (Figure 12.13). In
contrast, comparison of the sequences of CR domains 4 and 5 from eight species
shows that they are highly conserved at 11 additional positions in the six mammalian

FIGURE 12.12 Representation of the electrostatic surfaces of the complement-like repeat
domains CR7, CR3, CRS, and LB5 using greyscale. The set of structures on the right
represents the reverse face of those on the left.
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FIGURE 12.13 Alignment of sequences of complement-like repeat domains LB1-LB7 from
human low-density lipoprotein receptor. The six cysteines are highlighted in black, the con-
served calcium-coordinating residues in dark grey, and the few other conserved residues in
light grey. No other residues are conserved among the seven domains.

LB4
GPASFQNSSTIPQL-TENDPEDGS-WPQR
G P AHFREANS S sl P S LIWA GDRIDERID D G S WP QN
(G P AHF REENS S I I P S LIWA GDVIDEIV D G S WP QN
GPASFQNSSTIPEL.A GDP EDGS-WPQH
G P AHFREANS wrPRliI P s LIWA GDDDRIE DG S WP QN
G P AHF REEN S S SEJV P A L WA GEPDEJID D G S WP AR
dF P AsFREIP DG VEIV DP AWL GDAMDEIA DG A RSPT
]G s S S F REIN N A QGEV P R LWV GDADEIADNSIDEILPEK
LB5

FEF E G K DKSIDEEN

L EF E A KDKSDEEN

L EF E E K DKSDEEH

L EF E D KDKSDEE NRJPG

LEF E s K DK S DE E HREJ HAVMSTER

HEF E D RDGS D E R DR RABBIT

L RV G S S D GSDE D G CHCKEN

M E F E G L DH a N R ZEBRAFISH

FIGURE 12.14 Alignment of sequences of LB4 and LBS5 from different species. The six
cysteines are highlighted in black, the conserved calcium-coordinating residues in dark grey,
and the many other conserved residues in light grey.

proteins (Figure 12.14). Even in such distant species as zebra fish and chicken, a
number of these additional conserved residues are present. These findings of com-
plete difference in sequence at variable positions between different CR domains of
the same protein, but high conservation at a large number of positions in a specific
domain but among species suggest the following: that each CR domain within LDLR
serves a specific function, which is presumably related to binding specificity for
target protein ligands. Thus, each domain should have an appropriate sequence that
will be specific to the location of the CR domain within the cluster. For a given
position (e.g., LB5), there should be much higher pressure to maintain the sequence,
especially for those residues involved in a contact interface.

VI. EFFECTS OF MUTATIONS ON LDLR AND Tva

Many naturally occurring point mutants have been identified in human LDLR?* from
patients that suffer from familial hypercholesterolemia. Within LBS5, nine folding-
defective mutants have been characterized, six of which involve acidic residues of
the DCxDxSDE motif that forms a major part of the calcium-binding site (Figure
12.15). Blacklow and Kim'® have expressed LB5 constructs containing each of these
point mutations and examined the folding properties in the absence and presence of
calcium. For the wild-type LB3, the presence of Ca?** changed the distribution of
folded species from mostly misfolded, to ~100% correctly folded. For most of the
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FIGURE 12.15 Location of point mutants in LBS5 that are known to result in familial hyper-
cholesterolemia. The sequence of LB5 is shown at top. Calcium-coordinating side chains are
indicated by a black dot above the residue. Known point mutants are indicated below the
LBS5 sequence using a single-letter code to indicate the change. A indicates a deletion.

point mutant-containing domains, however, not only was there predominantly mis-
folded protein in the absence of Ca?*, but added calcium did not improve the
efficiency of correct folding. This demonstrates not only the importance of the
integrity of the Ca?*-binding site in directing the correct folding of CR domains in
vitro, but suggests that instances of familial hypercholesterolemia that involve such
point mutations are caused by a misfolding of the CR domain within the LDLR.

Studies on Tva have complemented these point mutation studies on LBS. Using
the numbering system for intact Tva, residue 33 is the tryptophan that corresponds
to one of the three hydrophobic core residues, and is a residue that is altered in CR
domain 4 of LDLR in one of the French-Canadian cases of familial hypercholester-
olemia. Mutation of this residue to alanine, phenylalanine, or lysine (again recall
the hydrophobic nature of most of the lysine side chain) gave a Tva CR domain that
folded efficiently in the presence of Ca?* to give a domain that bound Ca?* and
adopted a well-ordered structure, although one that showed some significant differ-
ences in its HSQC NMR spectrum, suggesting possible differences in structure as
a result of altered packing in the core. Introduction of more drastic mutations at this
position (glutamate and glycine) had more pronounced effects. Thus, even in the
presence of Ca?, a high percentage of the domain misfolded. With the glycine
mutation, even the fraction that appeared to give the correct disulfide bonding
arrangement, gave an HSQC NMR spectrum indicative of a poorly defined structure.
Mutation of D46 or E47 to alanine (the conserved DE pair that are ligands of the
calcium ion) in both cases gave proteins that did not fold correctly, even in the
presence of calcium, that showed no evidence of calcium binding by ITC, and gave
poorly dispersed HSQC NMR spectra that were unaffected by addition of Ca?*. In
contrast, the mutation of a surface residue, W48, to alanine had little effect on the
folding ability of the domain, its ability to bind Ca?*, or the effect of Ca?* binding
on locking the conformation into one that very closely resembled that of the wild-
type domain.

VII. BINDING INTERACTIONS INVOLVING
CR DOMAINS

The only protein—protein or domain—domain interactions that have been examined
in any quantitative and/or structural detail that involve CR domains are for LDLR,
LRP, and Tva. For LDLR, the solution of the x-ray structure of most of the extra-
cellular portion of the receptor at low pH not only provided a novel insight into how
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FIGURE 12.16 Close-up of contact interactions between LB4-LB5 and the YWTD propeller
domain from x-ray structure of the low-density lipoprotein receptor. LB4 and LB5 are in the
upper part of the figure, and shown with dark side chains, and the YWTD is in the lower part
of the figure, with lighter grey side chains.

the receptor might release ligands at endosomal pH, but also gave the first example
of interactions between a CR domain and another protein, although in this case the
other protein was a part of the same LDLR molecule, namely the YWTD hexamer.
This structure was remarkable in that it showed that, while the cluster of CR domains
was extended, as expected, with no interaction between individual domains, the arc
of CR domains was folded over the attached YWTD hexamer, such that there were
extensive interactions between this domain and CR repeats LB4 and LBS5 (Figure
12.16). Comparison of the sequences of LB4 and LBS5 from different species (Figure
12.14) shows that in each of the two domains, two of the residues that are at
“variable” positions, but that are nevertheless highly conserved between species are
in fact critical contact residues with the YWTD propeller domain. In LB4 these are
Pro 141 and Asp 147 (two residues C-terminal to cysteine C and three residues after
cysteine D, respectively) and in LB5 they are His 190 and Lys 202 (two residues
C-terminal of cysteine C and adjacent and C-terminal to cysteine E, respectively).
An earlier study from Russell et al.?” attempted to identify which CR domains within
LDLR were necessary for binding to apoB100 (present in LDL particles) and to
apoE (present in B-VLDL) by expressing LDLR with various deletions of CR
domains and the linker between LB4 and LBS5, as well as by mutating the conserved
isoleucine that follows cysteine C in each of the domains. They found that binding
of the two ligands required different combinations of repeats, with apoB100 binding
being much more sensitive to deletions than binding apoE-containing lipoprotein.
There was, however, a strong sensitivity in both cases to deletion of LBS.

For LRP, there are two main types of studies that have been carried out thus far.
One type aimed to identify which general regions of the receptor bind to specific
ligands, while the other has sought to study specific interactions between small
portions of the receptor and specific protein ligands. In the first category, a number
of studies have shown that the predominant regions of ligand binding are the second
and fourth clusters of CR domains (Table 12.6). Since the first cluster is much
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TABLE 12.6

Binding of LRP Ligands by LRP

Region

Region Ligand Reference

Cluster I o,M* 28

Cluster II a,M* 116
ApoE 117
tPA 118
Pro-urokinase 117
tPA:PAI-1 118
uPA:PAI-1 116
TFPI 117
Lactoferrin 117
Lipoprotein lipase 117
Factor VIII 117
RAP 116

Cluster Il RAP 117

Cluster IV a,M* 117
ApoE 117
Pro-urokinase 117
tPA:PAI-1 117
uPA:PAI-1 117
TFPI 117
Lactoferrin 117
Lipoprotein lipase 117
Factor VIII 117
RAP 117

LRP, low-density-lipoprotein receptor—related
protein.

smaller than each of the other three clusters, it is perhaps understandable that it is
not a primary site of ligand binding, although it has recently been shown that it is
required in addition to CR domains in cluster 2 for binding of o,M-proteinase
complexes.?® However, for the third cluster, which contains ten CR domains, the
absence of major ligand-binding sites cannot yet be explained. Since each CR domain
within LRP has a unique sequence, the absence of binding sites within the third
domain may simply reflect these differences. Alternatively, it may be a more subtle
explanation depending more on accessibility to potential ligands.

The second type of study on specific CR domain-ligand interactions has focused
on the binding of three ligands to CR domains from the second cluster; the receptor-
binding domain from o,M, the tPA:PAI-1 complex (a serine proteinase:serpin complex),
and RAP (the receptor associated protein, which is a high-affinity endoplasmic reticulum
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— localized ligand that competes with all known LRP ligands for binding to LRP).
The binding to various ligands of tandem pairs of CR domains from cluster 2 as fusion
proteins with a 16-residue tag was examined by surface plasmon resonance, with the
finding that RAP could bind with high affinity to CR5-7, which was overlapped by a
longer binding site for the tPA:PAI-1 complex.? A similar study using tandem repeats
of cluster 2 fused to ubiquitin found RAP binding to all CR domain pairs, with the
exception of CR9-10.%° This study suggested that having aspartic acid as the middle of
the five residues between cysteines D and E might be critical to such binding. Within
RAP, which is a 39-kDa protein that is probably composed of three domains, these
authors also found a dominant role for the third RAP domain in binding to the CR5-CR6
pair.3! The same group has also examined binding of uPA:PAI-1 to the same ubiquitin-
CR tandem pairs and found that CR5-6 showed a higher affinity for the complex, though
other pairs of CR domains also bound.? The same study also examined the effect of
specific mutations within the CR5 and CR6 domains on binding affinity, and concluded
that the conserved tryptophan, as well as the additional aspartate in the middle of the
cysteine D-cysteine E sequence were very important for binding. Although the impli-
cation of the aspartate in ligand binding is probably justified, that of the tryptophan may
be less so if its replacement by serine causes either misfolding of the disulfides or an
altered packing of the whole domain.

Binding of the receptor-binding domain (RBD) of a,M to LRP has also been
examined in some detail. The receptor-binding domain is a 137 residue -sandwich,
with a single helix along one edge.’33* Mutagenesis studies have identified two
lysines, now known to be located on the major a-helix, to be critical for binding to
LRP.* Within LRP it has been shown that RBD binds to CR3 with relatively modest
affinity (~140 uM)'3 and to CR3-CR4 with much higher affinity (~2 uM) (K. Dolmer
and P.G.W. Gettins, unpublished data). In addition, NMR studies carried out on both
of these complexes with the receptor-binding domain show very specific perturba-
tions of residues within both the CR domains and the receptor-binding domain. A
separate study using fusion protein constructs has also implicated CR3—CR4 in high-
affinity binding to intact a,M, though the estimated affinity was lower (~20 uM),
perhaps as a result of the presence of the attached ubiquitin moiety.>

A problem with the studies of binding large ligands to receptors that contain
multiple copies of the CR domain is that by simplifying either the receptor or the
ligand by truncation, there is the danger of making the system unrepresentative of
the intact receptor and ligand. In this regard Tva is an excellent model system for
examining the role of the CR domain in protein—protein interactions, since it is a
small receptor whose extracellular domain consists of only a single CR domain. It
has also been shown that the CR domain is sufficient to mediate viral entry.’” This
makes Tva ideal for examining the role of different portions of the CR domain in
binding to the viral protein involved in infection. Rather surprisingly, it was shown
that replacement of the normal CR domain of Tva with that of LB4 from LDLR,
together with only two mutations to the LB4 sequence, gave a Tva/LB4 chimera
that had infectivity comparable to wild-type Tva.® More recently it has been dem-
onstrated that mutation of Asp46 and Glu47, while greatly affecting the folding
efficiency of the CR domain of Tva, nevertheless had little effect on the ability of
the mutant domain to bind to the viral envelope protein SU.*° This, however, likely
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results from the binding epitope involving in large part two exposed side chains, a
histidine, and a tryptophan, neither of which is a conserved residue in CR domains.
Misfolding of the CR domain may not significantly compromise the ability of these
two side chains to interact with the surface glycoprotein of the virus.

VIII. CR DOMAINS OF COMPLEMENT
COMPONENTS

A. INVOLVEMENT IN SPECIFIC BINDING PROCESSES

Whereas there have been many studies on the role of the CR domains in members
of the LDLR family, there are very few such studies for the complement proteins.
The exception is for C8, where deletion studies on both C8a and C8f have been
carried out to gain insight into the functions of their CR domains,*? and for C9,
where antibodies have been raised against both the TSP-1 and CR domains to probe
exposure in monomeric and polymeric C9,* and chimeras of human and rabbit C9
have been examined to determine the binding site for CD59.4

It was found that C8a—C8y species that lack one or both of the first thrombo-
spondin-1 domains and the CR domain can still bind to C8f, but lack hemolytic
activity.*! This suggested that the binding site(s) for C8f and C8y do not reside in
the N-terminal two domains, but that nevertheless these two domains are involved,
directly or indirectly in binding to C9. This study was extended to show that both
N-terminal domains of C8a are required for forming the principal binding site for
C9, and that they may act cooperatively with the central membrane attack com-
plex/perforin (MACPF) domain that lies between the CR domain and the EGF
domain (Figure 12.2).#> A parallel domain deletion/replacement study was also
carried out on C8f and showed that the ability of the C8a—C8y dimer to bind to
C8p was dependent on the presence of both the first thrombospondin-1 module and
the CR domain, acting cooperatively with the MACPF domain.** The study also
showed that replacement of the CR domain of C8f with the CR domain from C8a
abolished the hemolytic activity of the complex with C8a—C8y, suggesting a role
for the CR domain of C8f in binding to the C5b-7 complex.

In C9, a study was carried out in which the CR and TSP-1 domains were
expressed in Escherichia coli as fusion proteins with glutathione S-transferase in
order to raise domain-specific antibodies. These antibodies were used to show that
the N-terminal TSP-1 and CR domains were equally accessible in monomeric and
polymeric C9, were located in the upper rim of the ring of poly-C9, and that the
CR domain appears not to be required for polymerization of C9, since Fab against
this domain did not block polymer formation.** Although there is some concern that
the CR domain in the fusion protein may not have been correctly folded, the resulting
antibodies did show good recognition of C9. A separate study aimed at identifying
the binding site for CD59, the regulator of C5b—C9 complex formation, examined
a set of chimeras of full length C9 composed of different fractions of human and
rabbit sequences.* Human CD59 shows only minimal inhibition of hemolysis when
rabbit C9 is substituted in the membrane attack complex. Accordingly, incorporation
of portions of the rabbit C9 sequence is a useful probe for the binding site for CD59.
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In terms of identifying a role for the CR domain, this study was negative, in that it
showed a role for the C-terminal region, rather than the N-terminal CR-containing
region in binding CD59. An identical study on C8a identified a similar C-terminal
region on C8a as the binding site for CD59.4

B. PRrRIMARY STRUCTURES OF COMPLEMENT CoMPONENT CR
DoMAINS

Although the role of the CR domains in complement proteins is thus still very poorly
defined, some insight into residues that may play important roles in protein—protein
interactions can be obtained from sequence comparisons. Alignment of the CR
domain sequences from the five human complement components (C6, C7, C8a,
C8p, and C9) that contain this domain shows a much higher degree of sequence
similarity than is generally present when all CR domain sequences are compared,
or even when the domains from a single protein that contains multiple CR repeats
are compared (Figure 12.17). The cysteine residues, calcium-coordinating residues,
and residues that should contribute to a hydrophobic core are all conserved, sug-
gesting that each of these domains will bind calcium to give rigid, almost superim-
posable, structures, although small variations will result from the fact that the spacing
between cysteines A and B and between B and C can be either four or five residues.
In addition to the expected conserved residues, however, there are several other
residues that are conserved among these domains. Preceding cysteine C, the sequence
T(S) GR is conserved. A highly positively charged tripeptide is present between
cysteines C and D, and an aspartate or glutamate is present as the middle residue
between cysteines D and E. Since elsewhere there is higher variability, these con-
served residues suggest that they might be involved in a protein—protein or
domain—domain interaction in each of these components. This striking conservation
of sequence can be contrasted with the complete variability of sequence and inter-
cysteine spacing shown earlier for the seven CR domains of LDLR (Figure 12.13).

A further comparison can be made for specific complement components obtained
from different species. The largest number of sequences has been reported for C9:
human,* horse,* rat,* mouse,* rabbit,* flounder,*® pufferfish,*® and trout*® (Figure
12.18). While all of the cysteines, calcium-coordinating residues, and residues con-
tributing to the hydrophobic core are conserved, the highly positively charged tri-
peptide between cysteines C and D is retained as KMR, KLR, KRR, KKR, or KRK,
suggesting an important functional role. The residue preceding cysteine C is con-
served as Arg for the mammalian C9s, but is Ala or Ser for fish C9. This may reflect
a complementary change in the partner protein that interacts with this domain. A

Cé [ K N KI/F REJD - S G REJI A R K'L EJ9 G E N [ G D N S - R DS
c7 (G N D/F QS - T G Rgal K M R L R N9 G D S (A D E D S A D R 9
Céo. Nl G Q D/F QK E T G REJL K R H L V|9 G D Q e} L D G S - D D 9
Csp Nl - E G/F VEAA QT G REdV N R R L L 9 G D N [ G D Q S - A N N¢
Cc9 (G N D/F QS - T G REal K M R L RH9 G D N [ G D F S - D D K9

FIGURE 12.17 Alignment of sequences of CR domains from human C6, C7, C8a, C8f,
and C9. The six cysteines are highlighted in black, the conserved putative calcium-coordi-
nating residues in dark grey, the conserved hydrophobic residues in mid-grey, and the many
other conserved residues in light grey.
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FIGURE 12.18 Alignment of sequences for C9 from eight species. The six cysteines are
highlighted in black, the conserved putative calcium-coordinating residues in dark grey, the
conserved hydrophobic residues in mid-grey, and the many other conserved residues in light
grey. Note that trout C9 lacks one of the putative calcium-coordinating residues.

similar difference exists for the residue following cysteine E, which is conserved as
Gly in the mammalian C9s, and as Glu for the fish C9s. In future studies to elucidate
the roles of the CR domains in the complement proteins, point mutations at these
positions may be ones that alter function while having minimal effect on the overall
folding or calcium binding of the domain.

C. PrimARY SEQUENCES OF FAcTor | CR DoOMAINS

Factor I, being quite different in function and basic domain organization, is consid-
ered separately from the other CR domain-containing complement proteins. Primary
structures are now available from six species; human,® mouse,’! rat,> Xenopus,>
shark,* and carp.”> Although it is often described as having two adjacent CR
domains, the first such CR sequence lacks the first and third cysteine residues of a
true CR domain. However, since the two missing cysteines are those that form the
disulfide within the N-terminal lobe, while the acidic residues that form the calcium-
binding site and the residues that compose the hydrophobic core are still present, it
is quite possible that this imperfect domain adopts a calcium-dependent folded
structure equivalent to that of true CR domains. For all except carp factor I, the
second CR repeat is a true CR domain with the expected six conserved cysteines
and conserved calcium-coordinating residues. In addition, the three hydrophobic
core side chains are conserved, except for mouse factor I, which lacks the Phe or
Tyr that is located two residues before cysteine B (Figure 12.19).

Although intact human factor I, as well as the separate second true CR domain
have been expressed and subjected to some structural characterization by CD, FTIR,
or x-ray and neutron scattering, the studies were carried out in phosphate buffers
and therefore lacked the Ca?* that would be expected to bind and rigidify the CR
domain(s).’*>% Reflecting the very different function, structural organization, and

Human @ Q@ G K G[F H
Mouse E R G N A'S L
Rat MR GcQAFL
Xenopus N - N S Y H
Shark [N - N S|Y H
Carp - G RAFL

FIGURE 12.19 Alignment of CR sequences from factor I from different species. The six
cysteines are highlighted in black, the conserved putative calcium-coordinating residues in
dark grey, and other conserved residues in mid-grey. Note that carp factor I is missing cysteines
C and F, while shark factor I is missing cysteine F.



288

Structural Biology of the Complement System

likely evolutionary origin of factor I compared to the other CR-containing comple-
ment components, the primary structure of the CR domain of factor I shows none
of the conserved residues in the “variable” portions that are present in the domains
of the other complement components (Figure 12.17).

SUPPLEMENTARY MATERIAL ON CD

All figures, including Figures 12.10 and 12.12 in color, and their corresponding
captions are supplied on the companion CD.
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I. INTRODUCTION: COMPLEMENT PROTEINS

The components of the complement system provide a major nonadaptive immune
defense mechanism for their host.!-* These are activated in response to the challenge
of foreign material in plasma. C3 is the central complement protein. Complement
activation proceeds through a series of limited proteolytic steps in one of three
pathways — alternative, classical, and lectin. In the classical pathway, the recognition
of immune complexes by C1q causes the tetrameric serine protease Clr,Cls, bound
to Clq to become activated, and in turn C4 and C2 become activated to C4b and
the serine protease C2a, respectively. This activation is controlled by C1 inhibitor
and the cofactor C4b-binding protein, and the serine protease factor I. In the alter-
native pathway, the deposition of C3b on foreign surfaces is amplified by interactions
with the Bb fragment formed by the serine proteases factor B and factor D, and
controlled by factors H and 1. The C3bBb complex converts C3 to C3b, where C3b
is an essential component of C5 cleaving enzymes. The lectin pathway is activated
by the binding of mannose-binding lectin to complex carbohydrates, and the MASP
serine proteases bind to this to trigger complement activation. The three pathways
converge onto C5, which becomes activated to form C5b. C5b triggers the formation
of the membrane attack complex by binding to C6, C7, and C8, and multiple copies
of C9 in order to induce cellular lysis. Complement regulation is crucial to prevent
host damage, and this is mediated by not only the cofactors such as factor H and
C4b-binding protein but also by other complement regulatory proteins such as decay
acceleration factor and the complement receptors type 1 and type 2.

Almost all these complement components are large multidomain proteins.!=* These
are difficult (if not impossible) to crystallize as intact proteins, so structural studies have
proceeded at two levels: (a) determination of the detailed molecular structure of each
domain, which is covered in detail in other chapters; and (b) determination of the overall
arrangement of domains in solution, which is covered in the present chapter. The
combination of neutron and x-ray scattering is a powerful means of determining the
overall arrangement of domains in the complement proteins under near-physiological
conditions.*!'" Analytical ultracentrifugation offers similar information of a comple-
mentary nature. Together, scattering and ultracentrifugation offer complementary advan-
tages to other low-resolution methods such as electron microscopy (EM) methods in
that the macromolecules are seen in three dimensions in solution, and not when flattened
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onto a two-dimensional template in conditions that may be harsh. The increasing avail-
ability of atomic structures for individual domains from crystallography and/or
multi—nuclear magnetic resonance (NMR) methods, together with accurate sequence
data, has given new impetus to scattering and ultracentrifugation methods. These domain
structures can be assembled using molecular graphics in order to create models for the
full macromolecular structure. The models are used to calculate fits to the scattering
and ultracentrifugation data, thereby improving the structural resolution, and leading to
the determination of the overall macromolecular structure in solution.®!° The outcome
is a homology model for the multidomain protein that reveals its domain arrangement
at medium resolution. This can be used to interpret molecular studies such as the effect
of mutations; provide new insight in the functional properties of the complement
proteins; and design complement inhibitors for therapeutic purposes. The future for
these methods will also be summarized.

For over 20 years, we have applied this scattering and ultracentrifugation method
to 15 of the main complement proteins. Individual reviews had previously focused on
individual aspects of these studies.!>?> The present chapter brings together for the first
time our previous scattering studies on the complement proteins, together with com-
parative scattering data on the four antibody classes IgM, IgG, IgE, and IgA, and a
therapeutic IgG-derived antibody, Crry-Ig. The complement classical pathway is acti-
vated by the IgM and IgG antibody classes; therefore, their structures are relevant to
complement. Antibodies based on chimeras with complement proteins have therapeutic
value. An understanding of the solution structure of the hinges connecting the Fab and
Fc fragments in different antibody classes is relevant to the design of these therapeutics.

Il. X-RAY AND NEUTRON SCATTERING AND
ANALYTICAL ULTRACENTRIFUGATION

A. EXPERIMENTAL SOLUTION-SCATTERING METHODOLOGY

For x-ray and neutron scattering, synchrotrons and high-flux nuclear reactors are
required in order to obtain sufficiently intense beams, and thereby reduce data
acquisition times to between 1 second to 1 hour per run.’ At these facilities, the
protein solution (1 to 10 mg/ml) is irradiated by a collimated beam of known
wavelength to result in a two-dimensional symmetric diffraction pattern that is
measured on an area detector. The radial average of this gives the scattering curve
1(Q) as a function of the scattering vector Q (where Q = 4 &t sin 6/A; scattering angle
= 20; wavelength = A). Guinier analyses of I(Q) at low Q values give the radius of
gyration R (a measure of structural elongation) and the molecular weight. At larger
Qs, further structural details are resolved. The calculation of the distance distribution
function P(r) by transformation from I(Q) reports on the overall structural dimen-
sions, and in particular yields the maximum dimension. Analytical ultracentrifuga-
tion provides two types of measurements on protein solutions that are contained
within cells and spun in a high-speed rotor. Sedimentation velocity experiments at
high rotor speeds provide information on macromolecular elongation from sedimen-
tation coefficients that are measured from the rate at which the protein sediments in
the cell. At lower rotor speeds, sedimentation equilibrium experiments balance the
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diffusion and sedimentation rates of a protein within the cell. From this, molecular
weights of the protein and information on any association constants are obtained.
More detailed accounts of scattering and ultracentrifugation are provided else-
where. !

X-rays and ultracentrifugation experiments observe structures that are different
from those seen by neutrons. Essentially the bound hydration shell at the protein
surface is detectable by x-rays and ultracentrifugation, while this is invisible to
neutrons.*!! This arises as the consequence of the water molecules in the hydration
shell occupying a smaller volume than those in bulk water, in which looser hydrogen
bonding arrangements occur. Consequently, there are increases in the electron den-
sity and mass density in the hydration shell compared to those of bulk water, making
this detectable by x-rays and ultracentrifugation. Neutrons differ because their scat-
tering properties (“scattering lengths”) depend on the nucleus, being similar and
positive for 2H, C, N, and O, but negative for 'H. The effect of rapid '"H->H exchange
on the neutron density of the hydration shell is to render this invisible by neutrons.
This has been confirmed in our structural calibration tests with proteins of known
crystal structure in the molecular weight range of 23,000 to 127,000 (see below),
and by others. This means that the scattering modeling is directly based on unhy-
drated atomic structures for neutron data, while they have to be hydrated for x-ray
and ultracentrifugation modeling.

X-rays and neutron scattering complement each other. X-rays visualize proteins
in a positive contrast difference with the buffer because the protein is more electron
dense than the buffer. By neutrons, if the protein is studied in 2H,O buffer, the buffer
has a much higher scattering density than that of the protein, so the protein is seen in
a negative contrast difference. Lipid, protein, carbohydrate, and RNA/DNA each have
distinct nuclear scattering densities. The joint use of x-rays in positive contrasts and
neutrons in negative contrasts using >H,O buffers will show that glycoproteins have
been correctly measured by scattering. Any large difference in scattering densities
between protein and carbohydrate (or even between hydrophilic and hydrophobic
amino acids) will be revealed by this comparison. There are other differences. X-rays
yield scattering curves that are less affected by systematic instrumental corrections
than neutrons, but are prone to radiation damage effects. Neutron curves result in
molecular weight determinations as it is easier to calibrate their scattered intensities
compared to x-rays, and samples do not suffer from radiation damage effects.

B. SOLUTION-SCATTERING METHODOLOGY: MOLECULAR MODELS

For a scattering curve I(Q) measured in a Q range out to 2 nm™!, the theoretical
structural resolution is given by 2m/Q and is about 3 nm. Domains are usually about
3-4 nm in length; hence, scattering will readily discriminate between extended or
compact domain arrangements in multidomain proteins. Scattering becomes more
useful if the data analysis results in molecular structures.®!1° For this, the scattering
curve modeling itself must be strictly constrained by the known volume, atomic
structure, and steric connectivity between the domains. Starting from a suitable full
model, all stereochemically allowed molecular structures are generated, each of
which is compared with the experimental scattering curve. The molecular models
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are converted to small-sphere models in order to facilitate the calculation of the
scattering curves. The curve fits are automatically assessed using filters based on
the observed scattering parameters, and usually only a low proportion of a large
number of full models give good curve fits. If only a single family of related good-
fit structures is found to fit the data, the domain arrangement in question is then
identified. Since domain movements of between 0.2 to 1 nm can result in visibly
worsened curve fits, this indicates the precision of the modeling. The quality of the
scattering curve fits is monitored by the R-factor, which is defined in the same way
as that used by protein crystallographers. For I(Q) scattering data extending to Q of
2 nm~! (for which the value of I(0) at zero Q is normalized to 1000), the final R-
factors should be between 2% to 10%. The Ry of a good model should be within
+ 0.1 nm or 5% of the experimental value. Even though scattering analyses are not
able to identify a unique structure, the modeling clarifies the structural properties
in solution at a molecular level.

The utility of the modeling is shown by those cases in which the domains form
compact arrangements as opposed to extended ones, and it becomes necessary to
distinguish between these. Scattering models are important when it is not possible
to crystallize a multidomain protein for reason of interdomain flexibility or high
glycosylation. They indicate whether a specific domain arrangement exists that is
related to function. For example, specific domains may be masked by other domains
in a precursor form, and become unmasked upon activation. Two adjacent domains
may interact, where one may directly control the activation or inhibition of the other.
The spatial separation of domains may generate multiple binding sites. Carbohydrate
conformation in glycoproteins can be assessed. It may be necessary to confirm a
newly determined crystal structure. The intermolecular contacts in the crystal do not
always reveal whether such a structure is a monomer, a dimer or higher oligomer
in solution. Alternatively, conformational changes may occur between the crystal
and solution, and these can be examined by scattering modeling.

Three experimental strategies for interpretation of scattering data for the comple-
ment proteins have been followed:**

1. No atomic structure is available, but EM and sedimentation coefficient
data are available. This was the situation for C3,%” C4,%° C5,% factor H,»
C4b-binding protein (C4BP),?¢ properdin (P),3¢ and C9.%7 In such cases,
the known sequence and carbohydrate content defines the volume of the
glycoprotein.* The small sphere total for the same volume is used to
construct general ellipsoidal shapes that will account for the macromo-
lecular dimensions observed by scattering. Models generated by this
approach are shown in Figure 13.1.

2. An atomic structure is available for part of the protein, together with EM
and sedimentation coefficient data. The modeling explores the way in
which additional small spheres have to be added to the known crystal
structure in order to account for the scattering data. This was the situation
for C1r,2® Cls,? and factor I*° (known homologous serine protease struc-
ture), C1 inhibitor* (known homologous SERPIN structure), and C1q?+%
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C1 inhibitor

Factor | Factor H

% £

Factor D

-

C3, C4, C5

FIGURE 13.1 Protein structures represented as small spheres determined by solution scatter-
ing for 15 complement proteins, together with immunoglobulin G for purpose of scale. All the
structures are drawn to the same scale. Molecular weights range from 24,400 (factor D) to 494,000
(C4b-binding protein); all are monomeric proteins in solution. Carbohydrate residues were mod-
eled explicitly in the cases of C1 inhibitor and factor I.
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(known dimensions of the collagen triple helix). Models generated by this
approach are also shown in Figure 13.1.

3. Atomic structures are available for all the domains, as well as EM and
sedimentation data. This approach was first performed with immunoglob-
ulins.*-52 Thus, models for each of the 71 immunoglobulin domains in
IgM were used to analyze its structure.*® By appropriate randomization
of the modeled conformations and testing them, models for the 12 immu-
noglobulin domains of IgG and IgA were used to analyze these antibody
structures.*’#*-32 The known crystal structure of a single-chain Fv fragment
was used to interpret its dimerization properties in solution.>! Comple-
ment factor I, factor H,* Crry,* and complement receptor type 24> have
been likewise modeled by this approach. This full modeling approach
provides a clearer molecular outcome than either of the first two
approaches. Complement proteins analyzed in this way are shown in
Figure 13.2, while antibodies are shown in Figure 13.3.

I1l. EARLY CLASSICAL PATHWAY COMPONENTS
A. Ciq anp C1r,Cls,

The first neutron-scattering studies on complement were performed with the hetero-
tetramer C1r,Cls, in both its activated and unactivated forms.?* This gave a radius
of gyration R of 17 nm for the overall shape and 1.1 nm for its cross-sectional Rg.
Modeling using spheres showed that C1r,Cls, was equivalent to a straight rod of
length 59 nm and a circular cross-section of 3.2 nm. This rod can be bent at one or
two places by up to 60° without significant effect on the calculated radii of gyration.
The model was in agreement with published ultracentrifugation and electron micro-
scopy data, therefore providing a confirmation that its solution structure was a highly
extended arrangement of the Clr and Cls subunits.

Subsequent EM suggested that the six domains in Clr were arranged as an
asymmetric X-shaped structure in its dimeric form. Solution evidence for this was
evaluated by a combination of sedimentation coefficient calculations for all the forms
of Clr,Cls, and further neutron scattering on Cls and Clr,.? This showed that Cls,
Cls,, and Clr were readily represented by straight rods, but not Clr, or Clr,Cls,,
which were better explained by X-shaped structures. The lengths of 17 to 20 nm
for each of Cls and Clr could be explained by a linear arrangement of a serine
protease domain (length 4 nm), two short consensus repeat domains (2 x 4 nm), and
a globular entity containing the EGF domain and two CUB domains specific to only
Clr, Cls, and the MASP proteases (4 to 7 nm) (Figure 13.1). The study of the
fragments as well as the intact protein provides more structural details of how
ClIr,Cls, is formed.

Clq has a protein structure resembling a bunch of tulip flowers (Figure 13.1).
Neutron scattering of Clq and its proteolytically cleaved form with only the
collagenous stalks was performed.?* The scattering curve of Clq showed a min-
imum at Q = 0.28 nm~! and a maximum at 0.39 nm-!; these features made the
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Factor H (1)
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FIGURE 13.2 Protein structures represented as molecular models of the homologous
domains determined by solution scattering for three complement proteins. Four alternative
structures for factor H are shown, denoted as (1-4). Single models for Factor I and rat Crry
are shown, with their carbohydrate chains denoted by small CPK spheres. Two alternative
structures for Crry-Ig are shown, in which the two Crry antennae are either extended on one
side of the Fc fragment or are positioned on either side.

curve a good monitor of its solution structure. The length of the Clq collagenous
arm was determined to be closer to 14.5 nm than to 11.5 nm proposed from EM,
and this is in better agreement with the length predicted from the triple helix
sequence of Clq (Figure 13.1). Modeling of the intact structure showed that the
axis-to-arm angle of Clq in solution is close to 45° and is flexible, being able to
vary by as much as 30°.%°

Neutron scattering of Cl, the complex of Clq and Clr,Cls,, showed that its radius
of gyration R is 12.8 nm, similar to that of Clq at 12.6 nm.>* A minimum seen in
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the scattering curve of Clq at Q = 0.28 nm™! disappears on the addition of Clr,Cls,.
Both results show that Clq and Clr,Cls, have formed a complex with a large con-
formational change in one or both proteins. No conformational changes were
detected on C1 activation. The modeling of the C1 complex employed a range of
ring-like and bent rod-like structures for Clr,Cls, binding to the Clq collagenous
arms.? The ring-like models for Clr,Cls, were not as successful at rationalizing the
C1 scattering data as the models that involve Clr,Cls, binding to one side of Clq. A
possible W-model for C1 proposes that each monomer in tetrameric C1r,Cls, binds
to each of four adjacent arms of the six in C1q. The W-model gave a satisfactory
account of the known functional properties of the C1 complex, most notably the
continued steric access of Clr,Cls, for its ligands and inhibitor after its binding to
Clq, as well as producing good scattering curve fits.'3

B. C1 INHIBITOR

C1 inhibitor belongs to the SERPIN superfamily of protease inhibitors, of which
o-antitrypsin is the best-characterized member. Members of this family undergo a
reactive-center cleavage during expression of their inhibitory activity, in which a
surface loop is cleaved and becomes part of a large f-sheet. Neutron and x-ray
scattering of o,-antitrypsin was performed in order to establish the applicability of
this scattering method for SERPIN domains. This showed that o;-antitrypsin had a
moderately elongated globular structure, and that scattering could not observe a
structural change between the native and cleaved forms.3!32 Modeling based on its
crystal structure showed good agreement with the neutron and x-ray data, showing
that the modeling procedure is valid for calculating structures. The three oligosac-
charide chains of a,-antitrypsin were inferred to be freely extended into solution.

Cl1 inhibitor was studied by neutron scattering.** This contains a SERPIN domain
and a large 113-residue N-terminal domain, with 6 N-linked and 24 O-linked oli-
gosaccharide chains. C1 inhibitor was found to be 16 nm in length, and this could
be modeled in terms of a head-and-tail model. The SERPIN domain was based on
the crystal structure of o, -antitrypsin, and this represents the “head” (7 nm x 3 nm
x 3 nm), to which a glycosylated N-terminal tail of length 10 nm was attached to
form the “tail” (Figure 13.1). The sedimentation coefficient calculated from this
model agreed with the experimental value.

C1 inhibitor forms stoichiometric complexes with C1r and C1s in order to control
the activation of C1. Sedimentation coefficients from the literature for the complexes
formed between C1 inhibitor, Clr, and Cls were analyzed using the combination
of a two-domain head-and-tail model for C1 inhibitor and cylindrical models for
Clr and Cls.3* The modeling showed that the heavily glycosylated N-terminal
domain of C1 inhibitor is positioned close to the two SCR domains in the center of
Clr and Cls. This offered an explanation for the functional existence of this N-
terminal domain in terms of being able to block access to the SCR domains in Clr
and Cls after complex formation.
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IV. CENTRAL COMPONENTS
A. ComprarisoN oF C3 witH C4 anp C5

Both x-ray and neutron scattering were used to study the three homologous central
complement proteins C3, C4, and C5, and as many as six fragments that were derived
from either C3 or C4.27:2% Starting with C3,?” the x-ray R values of C3, C3u, C3(a
+ b), and C3b were found to be similar, but the x-ray Ryg value of C3b was less
than that of C3, C3u, and C3(a + b). The major fragments C3c and C3dg were also
studied. Shape analyses showed that C3, C3c, and C3dg possessed elongated shapes.
Modeling suggested that C3 and C3c resemble oblate ellipsoids while C3dg resem-
bles a prolate ellipsoid. To form C3, C3dg can be positioned on the long edge of
C3c (Figure 13.1). The dimensions of the models are 18 nm x 2 nm x 10 nm for
C3, 18 nm x 2 nm x 7 nm for C3c and 10 nm x 2 nm x 3 nm for C3dg.”’

Similar x-ray work with C4, C4u, and C4(a + b) showed that these are similar
in structure to each other and to C3.2° Unexpectedly, C4c was found to be dimeric.
Scattering-curve models were again developed to account for the scattering curves
of C4, C4c, and C4d. Thus, C4c could be represented by an ellipsoid of size 8 nm
x 2 nm x 18 nm, and C4d by an ellipsoid of size 4 nm x 2 nm x 9 nm. The
combination of these structures gave a good account of the C4 structure, much as
for C3, C3c, and C3dg (Figure 13.1). C4b was best modeled by repositioning C4d
relative to C4c, such that its cross-sectional shape became more compact.?® Scattering
analysis of C5, and its comparisons with data for C3 and C4, showed that all three
proteins have similar solution structures.*

V. SHORT CONSENSUS/COMPLEMENT
REPEAT PROTEINS

A. DoMAINS

The short consensus/complement repeat (SCR) domain (also known as the CCP
domain) is the most abundant domain type in complement. A typical SCR contains
61 residues with four conserved Cys residues and a conserved Trp residue. Crystal
and NMR structures for single and multiple SCR domains show much variability in
inter-SCR orientations, even when the linkers joining adjacent SCR domains are as
short as three to four residues. The uniqueness of modeling the x-ray and neutron
scattering and ultracentrifugation data is that this yields insight into the molecular
structures in solution for the intact multi-SCR protein.

B. C4b-BINDING PROTEIN

The first all-SCR protein to be studied by scattering was the C4b-binding protein,
which has an unusual ultrastructure, and binds to C4b in order to facilitate its
cleavage by factor 1. The x-ray data showed that this had 7.4 = 1 subunits. In the
absence of a known SCR structure at the time the work was done, the C4b-binding
protein structure was represented by a bundle of seven arms held together at the C-
terminal end and spaced out by a base. If each arm was 33 nm in length, an average
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arm-axis angle of 5° to 10° was determined. The seven arms of C4b-binding protein
were found to be close together in solution, in distinction to the splayed-out flattened
images seen in electron micrographs, indicating that this structure is flexible
(Figure 13.1).

C. Factor H AND HemoLyTIC UREMIC SYNDROME

Factor H contains 20 SCR domains, and this binds to C3b in order to mediate its
cleavage by factor I, as well as to other ligands such as heparin. The first scattering
study of this showed unexpectedly that this was dimeric, and that the additions of
Zn** jons caused this to form higher oligomers.’> Modeling of the dimer showed
that the scattering curve was compatible with a V-shaped arrangement of two rods
(each of length 77 nm, and joined by an angle of 5°). This showed again that the
SCR domains are generally found in a highly extended conformation in solution.

The second scattering study of factor H* studied its monomeric form using
x-rays and neutrons, and modeled its structure from knowledge of NMR and crystal
structures for the SCR domains that had become available by then. The scattering
data showed that the maximum length of monomeric factor H was 40 nm. If all
SCRs in factor H were fully extended in conformation, it would be 73 nm long.
This length difference shows that the 20 SCRs in factor H are on average folded
back on themselves in solution. The best modeling fits confirmed that folded-back
molecular structures agreed with the scattering data. One explanation of this folding
back is the existence of four long linkers of length six to eight residues between
SCR-10 and SCR-14 at the center of factor H, and one more between SCR-18 and
SCR-19. The longer SCR-10-SCR-14 linkers coincided with the largest amount of
interspecies sequence variability in factor H. These folded-back structures may
correspond to conformational flexibility that enables the multiple factor H-binding
sites for C3b and heparin to act synergistically with each other. Four examples of
the degree to which these structures are folded back are shown in Figure 13.2.

The factor H models permitted the interpretation of 12 missense mutations
associated with hemolytic uremic syndrome, a disease involved with renal disorders
and kidney failure.* Ten mutations occur in SCR-19 and SCR-20, nine of which
are at eight sites in SCR-20. The homology model for SCR-20 showed that most of
the mutations are clustered close together and are immediately adjacent to conserved
basic residues. While no information could be obtained on a C3d site in SCR-20,
this cluster could be correlated with a predicted heparin-binding site in SCR-20, for
which a model of the heparin-SCR-20 complex could be constructed. The single
SCR-19 mutation is predicted to be close to the SCR-20 mutations from the scattering
modeling. Hence, the scattering models provided a first molecular view on the likely
function of SCR-19 and SCR-20, and opened the way for a more detailed analysis
of hemolytic uremic syndrome.

D. CoMmpPLEMENT Receptor Type 2

Human complement receptor type 2 (CR2) contains 15 or 16 SCR domains, and is
a cell surface receptor that binds complement C3d and other ligands at its N-terminal
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SCRs. The sedimentation coefficient of the N-terminal domain pair SCR 1-2 was
determined to be 1.36 S.** Sedimentation modeling showed that these two SCR
domains were highly extended in solution, and this may be the consequence of its
unusually long eight-residue linker. In contrast, the crystal structure of the C3d:CR2
SCR 1-2 complex showed that the two SCRs of CR2 were folded back upon each
other, with only SCR-2 making contact with C3d. The crystal structure of free CR2
SCR 1-2 also showed a similar folded back structure with minor rearrangement of
the inter-SCR orientation. This discrepancy prompted a re-investigation to determine
the solution structure for the C3d:CR2 SCR 1-2 complex by analytical ultracentri-
fugation. The sedimentation coefficient of free C3d was 3.43 S, and that for the
complex was 3.50 S. Modeling based on the crystal structure of C3d agreed with
its sedimentation coefficient. Further modeling showed that the reorientation of the
CR2 SCR 1-2 domain pair from the folded arrangement observed in the crystal
structure of the complex into an extended conformation accounted for this sedimen-
tation coefficient.?! Since the folded-back SCR 1-2 structure is not apparently
observed in solution, it is concluded that long inter-SCR linkers can be observed in
radically different conformations depending on its environment.

E. CoMPLEMENT ReCEPTOR—RELATED GENE/PROTEIN y

Complement receptor—related gene/protein y (Crry) is a membrane-bound regulator
of complement activation found in rodents. It contains between five to seven SCR
domains, joined by short four- or five-residue linkers. X-ray and neutron scattering
were performed on recombinant rat Crry containing the first five SCR domains
(rCrry), in which the inter-SCR linkers were either four or five residues long.** The
maximum dimension of rCrry was 18 nm. A medium-resolution model of rCrry was
determined, starting from homology models for the SCR domains of Crry. A small
family of extended rCrry structures with minor bends in the inter-SCR orientations
best accounted for the data (Figure 13.2). Hence, short inter-SCR linkers appear to
result in extended SCR structures.?>** The Crry SCR 1-3 sequences show high
similarity with the complement receptor type 1 (CR1) SCR 1-3, SCR 8-10, and
SCR 15-17 sequences. A structural comparison between Crry and the CR1 SCR
15-17 NMR structure showed that both possessed similar extended structures,
thereby supporting a functional similarity between Crry and CR1.

Mouse Crry with five SCR domains when conjugated to the Fc fragment of
mouse [gGl (mCrry-Ig) is a therapeutically relevant antibody chimera that sup-
presses complement activation. The solution structure of the hinge region was studied
by x-ray and neutron scattering to show that the maximum dimension of intact
mCirry-Ig was 26 nm. The mCrry-Ig solution structure was modeled, starting from
the solution model of rCrry, the crystal structure of mouse IgG1, and a large number
of randomized structures for the long 23-residue hinge region. The best-fit models
showed that the two mCrry antennae in mCrry-Ig were extended from the Fc
fragment, and no preferred orientation of the antennae and hinge relative to the Fc
fragment was identified (this is illustrated by the two different mCrry-Ig structures
of Figure 13.2). This study indicated that the use of long antibody hinges would not
affect the accessibility of the Crry antennae for its molecular targets C4b and C3b.*
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VI. CENTRAL SERINE PROTEASES
A. MobEL PROTEINS

The serine protease domain is central to all proteolytic events during complement
activation. In the role of model systems of this domain superfamily, bovine B-trypsin,
trypsinogen, a.-chymotrypsin, and chymotrypsinogen A were studied by neutron and
x-ray synchrotron solution scattering.’® The x-ray and neutron radii of gyration R,
of these four proteins were compared with those calculated using crystallographic
coordinates to assess critically how accurately the solution-scattering parameters
could be determined. For example, the experimental R values were 1.57 nm,
1.70 nm, 1.67 nm, and 1.78 nm for PB-trypsin, trypsinogen, a-chymotrypsin, and
chymotrypsinogen A in that order (errors + 0.03 nm). The calculated R values from
the crystal structures were 1.65 nm, 1.72 nm, 1.66 nm, and 1.70 nm, respectively,
all of which were in good agreement within 0.1 nm. The full x-ray and neutron
scattering curves in positive and negative contrasts agreed well with the calculated
curves from crystallographic coordinates to a nominal structural resolution of 4.5
nm, provided that the internal structure was considered in neutron modeling, and
that the hydration was considered in x-ray modeling. These agreements provided a
basis for the constrained modeling of scattering data for the multidomain comple-
ment proteins, alongside the similar study made for o,-antitrypsin.3!

B. Factor D

The sequences of nine serine proteases of known crystal structure were compared
with the serine protease sequences in the six complement proteins Clr, Cls, C2,
factor B, factor I, and factor D to assess the degree of structural homology among
them.*® All sequence insertions and deletions were located at the protein surface.
The buried location of disulfide bridges and the surface location of putative glyco-
sylation sites are compatible with the crystal structures. It was concluded that the
crystal structures gave good accounts of the complement sequences, but that local-
ized differences are observed for factor I, C2, and factor B. For factor D, this was
tested by x-ray scattering.’® Factor D was found to be monomeric and very similar in
structure to B-trypsin. The x-ray scattering curve of factor D was readily modeled using
the p-trypsin crystal structure after allowance for sequence insertions and deletions
(Figure 13.1).

C. Factor |1

Factor I (FI) has five domains, namely a factor I module, a CD5-like domain, two
LDL receptor type A domains and a serine protease domain. The first x-ray and
neutron scattering of this showed that the maximum dimension of factor I was at
most 14 to 15 nm from the x-ray and neutron distance distribution functions. The
consensus length of 12.8 nm is too short to account for a linear extended arrangement
of the five domains in factor I. The sphere modeling approach showed that more
compact arrangements gave good scattering curve fits for factor I*° (Figure 13.1).
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The second x-ray and neutron scattering study of factor I utilized serum-derived
human factor I (sFI) and recombinant insect cell factor I (rFI).*! While both had
overall lengths of 14 nm, their cross-sectional radii of gyration were different at
1.70 nm for sFI and 1.57 nm for rFI. This difference was attributed to their different
glycosylation that results during human and baculovirus protein synthesis, which
corresponds to complex-type oligosaccharides for sFI, and high-mannose-type oli-
gosaccharides for rFI. Homology models were constructed for the FIMAC, LDLr,
and SP domains based on known structures, and CD5 was arbitrarily represented as
a globular protein domain. In the modeling, 38 of the 40 Cys residues in factor I
were predicted to form internal disulfide bridges. The two remaining Cys residues
at the N-terminus of the FIMAC domain and at the center of the first LDLr domain
were potentially not bridged. It was postulated that if these two Cys residues were
bridged to each other, the FIMAC, CDS5, and LDLr-1 domains would be able to
form a compact triangular domain arrangement. This hypothesis was tested by
automated scattering curve-fit searches. The searches gave a single small family of
bilobal structures for factor I with a separation of 5.9 nm between the centers of the
lobes. These best-fit structures for factor I supported the plausibility of this domain
model (Figure 13.2). They suggested that the two lobes may present exposed surfaces
in factor I, whose roles are to interact separately with their substrates C3b and C4b
and with the cofactor proteins.*!

VII. THROMBOSPONDIN REPEAT TYPE | DOMAINS
AND LATE COMPLEMENT COMPONENTS

A. PROPERDIN

Properdin is a regulatory glycoprotein of the alternative pathway. This contains six
thrombospondin repeat type I (TSR) domains, the second most abundant domain
type in the complement proteins. Electron micrographs had previously shown that
the properdin trimer corresponded to a triangular arrangement of the three monomers
with sides of 26 nm. Neutron and x-ray solution scattering experiments were per-
formed on the dimeric and trimeric forms of properdin.’® The modeling of trimers
was performed using small spheres, and showed that triangular structures fitted the
neutron data (Figure 13.1), in support of the EM work. The mean dimensions of a
TSR domain of properdin in solution were approximately 4 nm x 1.7 nm x 1.7 nm,
showing that these are elongated in structure.’

B. C9 oF MeMBRANE ATTACK COMPLEX

C9 is the most abundant component of the membrane attack complex. This contains
TSR and LDLr domains at its N-terminus, an EGF domain at its C-terminus, and a
perforin-like sequence in the center. Neutron and x-ray scattering showed from its
R value of 3.33 nm and its distance distribution curve P(r) that C9 had a maximum
dimension estimated as 12 + 2 nm. A full neutron contrast variation study did not
indicate evidence for the existence of any large hydrophobic surface patches on free
C9 that might form contacts with lipids.?” Molecular modeling of C9 used small
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spheres. The most likely models suggested that the four domains or regions in C9
may be arranged in a V-shaped structure, with an angle of 10° between the two
arms, each of length 11.1 nm (Figure 13.1). This scattering model is consistent with
ultracentrifugation sedimentation data on C9. Similar V-shaped models could be
developed for C6, C7, C8, and C9 of complement, based on their sedimentation
coefficients and further sphere modeling, in which the sphere model for C9 was
adjusted for the additional N-terminal and C-terminal domains present in C6, C7,
and C8 that are not present in C9. The C9 modeling is compatible with mechanisms
in which C9 is postulated to unfold its domain structure when in contact with
membranes in order to expose a hydrophobic that can be embedded into lipid
bilayers.

VII. IMMUNOGLOBULIN CLASSES
A. IgM

X-ray scattering and modeling approaches were used to develop models for the
pentameric 71-domain structure of human and mouse immunoglobulin M (IgM) in
order to clarify its function.*® The R values for intact IgM and four major fragments
of this were determined. These fragments were the 21-domain Fcy fragment, the 14-
domain IgM-S monomeric subunit, and the 10-domain Fab’, and 4-domain Fab
fragments. The scattering curves of IgM and its four fragments to a nominal reso-
lution of 5 nm were compared with molecular graphics models based on homologous
crystal structures for the Fab and Fc structures of immunoglobulin G (IgG). Good
curve fits for Fab were obtained based on the Fab crystal structure. A good curve
fit was obtained for Fab’, if the two Fab arms were positioned close together at their
contact with the Cu2 domains. The addition of a single Fc fragment close to the
Cu2 domains of this Fab’, model to give a planar structure accounted for the
scattering curve of IgM-S. The Fc, fragment was best modeled by a ring of five Fc
monomers, constrained by packing considerations and inter-Fc disulfide bridge
formation. A position for the J chain between two Cu4 domains rather than at the
center of Fc; was preferred. The intact IgM structure was best modeled using a
planar arrangement of these Fab’, and Fc; models, with the side-to-side displacement
of the Fab’, arms in the plane of the IgM structure. As all these models were
consistent with sedimentation coefficient modeling, it was concluded that the solu-
tion structure of IgM could be quantitatively reproduced in terms of known homol-
ogous crystal structures (Figure 13.3).

Putative Clg-binding sites were identified on the Cu3 domain of IgM. These
would become accessible for interaction with Cl1q when the Fab’, arms move out
of the plane of the Fc, disk in IgM, that is, this is a steric mechanism exposing
preexisting C1q sites. Comparison with the solution structure for C1q from neutron
scattering shows that two or more of the six globular C1q heads in the hexameric
head-and-stalk structure can form contacts with the putative C1q sites in the Cu3
domains of free IgM if the C1q arm-axis angle in solution is reduced from 40° to
45° to 28°. This could be the trigger for C1 activation.*¢
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1gG1/2 ScFv IgE-Fc
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FIGURE 13.3 Antibody structures determined by constrained solution scattering modeling.
From top to bottom, structures for bovine IgG1-2, the mouse MFE-23 scFv fragment, the
bent human IgE-Fc fragment, and human IgM, IgA1 and IgA2 are all shown. Their Fab and
Fc fragments are labeled as appropriate.

B. IgG

The bovine immunoglobulin IgG1 and IgG2 subclasses exhibit large differences in
effector functions. Neutron scattering was used to report on the average relative
disposition in solution of the four-domain Fab and Fc fragments to see if the 19-
residue hinge of IgG1 and the 12-residue hinge of IgG2 caused any structural
differences in the Fab and Fc arrangement in the intact antibody.*’ Interestingly the
radii of gyration Ry were similar at 5.64 to 5.71 nm for both IgG1 and IgG2. An
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automated search optimized the positions of the two Fab fragments in a plane relative
to that of the Fc fragment. Good agreement with the solution-scattering data was
obtained with a planar Y-shaped IgG model to a precision of 0.7 nm (Figure 13.3).
The results show that a longer hinge sequence does not necessarily reflect a larger
separation between Fab and Fc. While the accessibility of Fc sites for interactions
with cell surface Fc receptors and C1q of complement is similar for IgG1 and IgG2
(Figure 13.1), the difference in effector function between IgG1 and IgG2 is most
likely to be based on deletions in the IgG2 hinge sequence.*’

C. IgE

Human immunoglobulin E (IgE) consists of 14 domains. Compared with IgG, IgE
has an additional pair of domains (Ce2), in place of the hinge of IgG. In the absence
of a crystal structure for what turns out to be a six-domain Fc fragment of IgE, IgE-
Fc was studied by x-ray and neutron scattering to elucidate the position of the (Ce2),
domains relative to the other four domains (Ce3 and Ce4) in the remainder of the
IgE-Fc fragment.*® The combination of the x-ray and neutron data placed upper
limits on the R value of 3.53 nm, which monitors macromolecular elongation. This
R value was too small to be compatible with an extended arrangement of the three
domain pairs in a linear IgE-Fc model. Modeling confirmed this. Accordingly,
automated procedures for the fitting of crystallographically derived domain models
of the six-domain IgE-Fc to scattering data were developed, in which the Ce2, Ce3,
and Ce4 domains were translated and rotated relative to each other. This gave
substantially improved agreement between the experimental and calculated scatter-
ing curves. Bent models for IgE—Fc in which the Ce2 domain pair was rotated by
at least 40° to 50° from its position in the starting linear IgE-Fc model consistently
gave the best agreement with the x-ray and neutron scattering curves. Such a structure
for the IgE-Fc fragment accounted in part for a bent structure previously proposed
for intact human IgE (Figure 13.3), which is important for understanding the inter-
action between IgE and its receptors. The model was subsequently found to agree
well with the recent bent crystal structure determined for IgE-Fc, showing that the
solution scattering approach had given a valid outcome.*® This analysis showed that
if the hinge peptide region corresponds to a globular structure, the resulting antibody
structure is not necessarily an even more extended one.

D. IgA

Immunoglobulin A (IgA) is the most abundant human antibody with two subclasses
or isotypes, IgA1 and IgA2. The monomeric IgA1 isotype contains two four-domain
Fab fragments and a four-domain Fc fragment, both of which are analogous to IgG.
The fragments are linked by an O-glycosylated hinge with 23 residues. Here, x-ray
and neutron scattering on monomeric IgA1 gave higher than expected R values of
6.11 to 6.20 nm when compared to IgG (Table 13.1).#° The distance distribution
function P(r) showed two distinct peaks, whereas a single peak was observed for
IgG. Both the R; and P(r) results show that the long hinge of IgAl results in an
extended Fab and Fc arrangement that is different from that in IgG. This outcome



Structural Biology of the Complement System

310

LT - -
LT8y'C - -
08T - -
- - v
- - erl
Y - 9T
- - 68T
- - STC¢ECe
97T - 'l
L'9=¢¢ - 0c
06 - I'c
S6¢€L - v
€V-L9¢ - vl
Sre—¢ee - 14!
T91-T ST - -
01 - -
Sy - 60
'L - (x4
L8 - 'l
(uoxnaN) (uoxnaN) (uonn3N)
©) (wu) (wu) Xy
JUaId1I0) Sxy uoneikn
uoneUIWIPIS Jo snipey

|BUO01}D3G-5504)

L9°T - - 161 00T'ST
oL'1 - - 8L'1 006°€C
LS'T - - 6S°1 00T°€T
6V - €T 1Y 000761
69'C - - - 00S°0v
7o'y - 68'C 8I'S 7% 00S°Sy1
6LV - - - 001881
€OVL8Y - CST8Y'C 8C'G—€CS 001°L61
L'e - 01 6'C 008°8€
8Y - 0cC LY 000°€rT
1's - (4 0's 000 +8T
'S - S s 000°€61
S84 - - - 001°TL
19°C - 8 I—€ELL 16C 00S°1S
9Cl - - - 000°C€8
8¢l - - - 000°LSY
8 - - - 000°6L
8 - - - 000°CLI
L1 - - - 000°GLE
(uonnaN)  (Aer-x) (Aes-x) (Aes-x) (e@)
(wu) 2y (wiu) (wu) SXy (wu) 2y YS1vM
uoneiin Xy uoneILn uoneIfn Jendajow
JO snipey JO snipey Jo snipey

[BUO1D3G-5504D)

(auraoq)
uisdAnowAy)-n
(aurr0q) uagoursdAiy,
(ouraoq) ursdA1y-¢
Y9}
PYO
ji70)
D
@+e)yD D ‘v
3ped
€D
q9edD
(@+»)eD gD ‘€D
Joyquyut [
(eaneu) ursdAnnuy o
10
b1o
SID
a1d
SIDUID

UId}04d

salpoquuy pue suidjoid Juawa|dwo) ay) 1oy eleq uonednjipuadeI)|N pue SuLI)IEIS UCHINJOS JO Arewwng

L'€1 319VL




311

Complement and Immunoglobulin Protein Structures

w9
9
LY

Le

9
L)
ian!
LLT

8L'1

Lv=S¥

£6-0¢

€60

'S

T

0s'e

9¢'l

(Y
CTII=L01

Sy

SLTVT

70’1
8I'l

¢0'1-86'0

8’1
IS°1

Ic¢
L1'C
9¢'1
17'C¢-8¢C

99°1
90
90
¥
<l

0¢
6'¢
'l
ST

88’1

£€e'e
911
I'6
L9
6t

[SEARS

€1l

8I'y

00¥

8L'1

L1
9S'1

'l
0L'T
0'C
6L'1

LT
LT

Ly'C
0C'e
681

LST
9¢'C
144
or'e
909

8’1

€T
S1

e
'y
§ee
LS'T
0L'1

8I'S
09
(423

¥6'C
€o'v
019
S1'9
L1'Cl

99°¢
SIl

99
(Y

§CI<
I'T1
€l
90
1%
08°l

L'l

‘pagroads asimIaylo ssofun urejord uewing .

000°€91
000791
00€°SL
00071
000°6Y
000°621
000°061
000°6L€E
000'996
00T°LT
00799
00€791
00T°801
009°8S1
0099

006°0S
00T91
000°00€
000°0S 1
000°'v61
00S‘¥L
00€°S8
00¥'¥C

009°5T

TVSI
V31
o4-431
(surr0q) Z-1D3]
qed NSI
¢.qed N3]
S-INST
o INSI
INSI
(asnowr) AJ9S €ZHAIN
6D
JowrLn ::uuomohm
H&E:u ESUHOQOH&
(esnowr) 31-A11)
(yex) A11D
x9[dwoo
PED + 71 YOS TID

-1 DS ¢TI0
Iowrp H Iojoeq

Jowouowl H 10308
urajoxd Surpuiq-qyD
(JUBRUIQUIODAT) | J0IIB
(9AnBU) | 10108
d 10108g

(aurr0q)
v udoursdAnowiy)



312 Structural Biology of the Complement System

is attributable to the O-glycosylation of the IgA 1 hinge. Automated curve-fit searches
based on homology models for the Fab and Fc fragments and a molecular dynamics
procedure to generate random IgA1 hinge structures were used to model the exper-
imental IgA1 scattering curves. A limited family of flexible IgA1 structures gave
good curve fits to the experimental data. These contained extended hinges of about
7 nm in length that positioned the Fab-to-Fab center-to-center separation 17 nm
apart, while keeping the corresponding Fab-to-Fc separation at 9 nm (Figure 13.3).
These T-shaped IgA1 structures are distinct from IgG structures. Nonetheless, they
are compatible with EM images of IgA1l that showed the hinge to be extended in
relatively inflexible structures, several of which show T-shaped arrangements. The
scattering analysis resulted in a markedly different antibody solution structure that
may account for a unique immune role of monomeric IgA1 in plasma and mucosa.*

The IgA2 isotype of IgA exists in at least two allotypic forms IgA2m(1)or
IgA2m(2) . The IgA2 hinge is much shorter at ten residues and is not O-glycosylated.
In IgA2m(1), the light chains are linked to each other by a disulfide bridge rather
than to the heavy chains, which is the more usual case in immunoglobulins. The
study of IgA2m(1) by x-ray and neutron scattering showed that its x-ray R is 5.18
nm and its neutron R is 5.03 nm, both of which are notably smaller than those
measured for IgA1.52 The distance distribution function P(r) for IgA2m(1) showed
a broad peak with a subpeak, and a maximum dimension of 17 nm that is shorter
than for IgAl. Scattering modeling of IgA2m(1) showed that a limited range of
compact flexible structures fitted the data. The averaged structure of the Fab and Fc
fragments was predominantly T-shaped with a contribution from Y-shaped
structures® (Figure 13.3). It was concluded that IgA2 possesses a less extended
version of the IgA1 structure, which corresponds well with the functional similarities
between both IgA1l and IgA2.

IX. CONCLUSIONS

The completion of scattering studies for 15 major complement proteins to date
(September 2003) has provided many first insights into the structures of these large
multidomain proteins. Many of these have extended solution structures with highly
exposed domain surfaces for protein—protein interactions. Others have more compact
domain structures, for reasons that can often be correlated with function. Thus, the
steric accessibilities of the domains may be important in complement activation and
control, and alterations between compact and extended domain structures can be
central to this. Solution studies are a good way to achieve this. The increasing
availability of sequences and domain structures has enabled several of the original
scattering studies to be refined by means of conformational searches in which
molecular structures for the individual domains are explicitly included. Several
solution structures have been confirmed by subsequent crystal structures, while the
understanding of other recent crystal structures has been refined by the solution
approach. The outcomes of the most recent scattering studies on factor H, Crry,
Crry-Ig, IgAl, and IgA2 have been deposited in the Protein Data Bank (PDB). These
depositions are in the form of a-carbon coordinates, given that the residue side-
chain positions cannot be determined by the available structural resolution of
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scattering and ultracentrifugation methods. Their PDB codes are 1HAQ, 1NTJ,
INTL, 1IGA, and 1R70) in that order. It should also be remembered that the
scattering modeling only yields averaged structures that are compatible with the
scattering data; it will not produce unique structures. Flexibility between the domains
can be difficult to model, as it is possible that some proteins may coexist as a range
of structures in solution. This means that other evidence from EM and sedimentation
coefficients by analytical ultracentrifugation are needed to support these scattering
studies. These solution studies will continue to be of great relevance for the eluci-
dation of structure—function relationships in the complement proteins, the antibody
classes, and therapeutic antibodies.

Two other recently completed scattering studies have resulted in solution struc-
tures for the dimer and trimer of properdin®? and free CR2 SCR 1-2 and its complex
with C3d.>* The PDB codes for the properdin dimer and trimer models are 1WOR
and 1WOS, respectively; that for the CR2 SCR 1-2 model is 1W2R, and that for
the model of the CR2 SCR 1-2 complex with C3d is IW2S.
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I. INTRODUCTION

The activation of complement system is a complex process finely controlled by
regulators of complement activation (RCA) proteins or natural inhibitors. This type
of regulation is important to direct complement function against invading foreign
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pathogens and waste products of immune system reactions and to enhance antibody
responses (reviewed in References 1 through 4). In addition, components of the
complement system are used by viruses to enter host cells (reviewed in References
1 and 5) and recent studies have shown that components of the complement system
are involved in developmental processes such as organ regeneration and hematopoi-
etic development.>® When the complement system is inappropriately activated or
when its regulation breaks down, it is capable of attacking normal tissues with
harmful effects to the host. Similarly, a hereditary deficiency of a complement
component is usually responsible for breakdown of the beneficial effects of com-
plement activation for immune response (reviewed in References 1 and 2). Various
studies have shown that the complement system has been involved in a number of
pathological situations, including autoimmune diseases, degenerative diseases,
ischemia/reperfusion injuries, burn injuries, asthma, hemodialysis, cardiopulmonary
bypass surgery, and transplantation (reviewed or compiled in lists in References 1
and 7 through 10). Currently there are no clinically available anticomplement drugs,
despite intense research and numerous candidates, some of which have made it to
clinical trials. Complement activation inhibitors range from natural inhibitors and
regulators, monoclonal antibodies, peptides, natural products, and organic molecules
(reviewed in References 8 through 12).

Complement component C3 (reviewed in References 13 and 14) is an excellent
target for inhibition because it is the convergence point of the classical, lectin, and
alternative pathways of complement activation and the starting point of the common
pathway. In this chapter, we present an overview of the discovery of the C3-binding
complement inhibitor peptide compstatin and the design of active compstatin ana-
logues. The latter will be called hereafter “active analogues” or “higher inhibitory
activity analogues,” when this is the case compared to parent peptide compstatin.
This work spans about 9 years of research using a diverse set of tools from the fields
of immunology, molecular biology, spectroscopy, structural, biology, protein and
peptide chemistry, biochemistry, computational chemistry, biophysics, combinatorial
and global optimization, and bioengineering. The design of active compstatin ana-
logues is an example of a methodologically integrative, cross-disciplinary, and col-
laborative approach. Reviews on the discovery and design of compstatin and ana-
logues at various stages of the process have been published!'>!¢ including
comparisons to other complement inhibitors®'7!® and in view of complement
research in general.’

II. DISCOVERY OF COMPSTATIN USING A
PHAGE-DISPLAYED RANDOM PEPTIDE LIBRARY

Random peptide libraries displayed in phages have proven to be useful tools for
large and rapid combinatorial searches for peptides that bind to proteins or mono-
clonal antibodies (reviewed in Reference 19). Compstatin is a truncated derivative
of a peptide that was discovered by means of screening a phage-displayed random
peptide library for binding to C3b by Sahu et al.?® The phage-displayed random
peptide library contained 2 x 10% unique clones expressing 27-residue random
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peptides with sequence Ser-Arg-Xaa,,-(Ser,Pro,Thr,Ala)-Ala-(Val,Ala,Asp,
Glu,Gly)-Xaa,,-Ser-Arg, where Xaa,, is a 12-member sequence of any of the 20
natural amino acids separated by one fixed and two semifixed amino acids. An active
clone isolated from the phage exhibited specific binding to immobilized C3, C3b,
and C3c, but not to C3d.?° Similar results were obtained in an ELISA assay using
a 27-residue synthetic peptide corresponding to the sequence of the C3-binding
clone. Also, the synthetic peptide inhibited both the alternative and the classical
pathways of complement activation in hemolytic assays of rabbit and antibody-
coated sheep erythrocytes, respectively, in normal human serum.? This inhibition
was shown to be reversible using gel filtration experiments. The sequence of the 27-
residue synthetic peptide was Ile-[Cys-Val-Val-Gln-Asp-Trp-Gly-His-His-Arg-Cys]-
Thr-Ala-Gly-His-Met-Ala-Asn-Leu-Thr-Ser-His-Ala-Ser-Ala-Ile-NH, (hereafter,
brackets around cysteines denote cyclization through disulfide bonds). Sequence
truncation demonstrated that the minimum length peptides that showed complement
inhibitory activities had sequences Ile-[Cys-Val-Val-Gln-Asp-Trp-Gly-His-His-Arg-
Cys]-Thr-NH,* and [Cys-Val-Val-Gln-Asp-Trp-Gly-His-His-Arg-Cys]-NH,.2! The
former had about threefold higher inhibitory activity than the latter (Table 14.1),
and was named compstatin.?! Compstatin also bound to C3, C3b, C3c, but not to
C3d.?? Cyclization was found to be important for activity, as linear peptides produced
by reduction and alkylation of cysteines?*?? or by replacing cysteines with
alanines?>?3 were inactive. Another systematic search for a shorter active analogue
by stepwise deletion of residues within the cyclization loop was not successful.?? It
should be noted that compstatin inhibited the alternative pathway at about fivefold
lower concentration compared to the classical pathway, perhaps because the alter-
native pathway is more sensitive to activation and deposition of C3 to target
surfaces.?°

1. BIOLOGICAL MECHANISM OF INHIBITION

The inhibition of complement activation by compstatin was measured in normal
human serum and found to be almost identical to that of the alternative pathway
using hemolytic assays.? It was shown that complement inhibition was the result
of inhibition of the cleavage of C3 to C3a and C3b by C3 convertase enzymes.?0?
However, the composition of the assay and the complexity of the cascade of com-
plement activation raised questions on the possibility of additional mechanisms of
inhibition. Control experiments, some of which were indirect, led to the following
hypotheses:?

1. Compstatin did not inhibit the cleavage (and spontaneous inactivation) of
C3b to iC3b mediated by factors H and 1.2

2. Compstatin did not inhibit the association of C3b with factor Bb to form
the C3 convertase enzyme C3bBb. It was shown that compstatin did not
affect the cleavage of factor B to Ba and Bb by factor D, thus allowing
the formation of the C3 convertase enzyme complex by C3b and Bb.2°
But, since compstatin also binds to C3b, it was not clear that it did not
have an effect on the catalytic function of the convertase enzyme. Another
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TABLE 14.1
Selected Active Analogues of Compstatin Discussed in Text
Relative
# Peptide? Sequence® Activities¢ Reference

1 Compstatin ring [CVVQDWGHHRC] -NH, 04 21
2 Compstatin ring/C,.-flanking [CVVQDWGHHRC] T-NH, 0.5 22
3 Ac-I1S/V4AF/HO9R/HI10L/R11A/T13P Ac-S [CVFQDWGRLAC] P-NH, 0.5 25
4 Ac-RIIS Ac-I[CVVQDWGHHSC] T-NH, 0.5 23
5 AclIID Ac-D[CVVQDWGHHRC] T-NH, 0.5 25
6 RI1IK I [CVVQDWGHHKC] T-NH, 0.6 23
7  Compstatin ring/H9A [CVVQDWGAHRC] -NH, 0.8 21
8 Compstatin I [CVVQDWGHHRC] T-NH, 1 20
9 Ac-V3L Ac-I [CLVQDWGHHRC] T-NH, 1 23
10 Ac-H9A/RI1A Ac-I[CVVQDWGAHAC] T-NH, 1 23
11 Ac-V3L/Q5N Ac-I [CLVNDWGHHRC] T-NH, 1 23
12 Ac-IIR Ac-R[CVVQDWGHHRC] T-NH, 2 23
13 Ac-compstatin Ac-I[CVVQDWGHHRC] T-NH, 3 22
14 Ac-Q5N Ac-I [CVVNDWGHHRC] T-NH, 3 23
15 Ac-V4A/H9A/T131 Ac-I [CVAQDWGAHRC] I-NH, 3 23
16 Ac-T13I Ac-I[CVVQDWGHHRC] I-NH, 4 23
17 Ac-H9A Ac-I[CVVQDWGAHRC] T-NH, 4 23
18 Ac-IIL/HOW/T13G Ac-L [CVVQDWGWHRC] G-NH, 4 25
19  Ac-11V/V4Y/HOF/T13V Ac-V [CVYQDWGFHRC] V-NH, 6 40
20 Ac-I1V/V4Y/HOA/T13V Ac-V [CVYQDWGAHRC] V-NH, 9 40
21  Ac-V4Y/HOF/T13V Ac-I [CVYQDWGFHRC]V-NH, 11 40
22 Ac-V4Y/H9A/T13V Ac-I [CVYQDWGAHRC]V-NH, 14 40
23 Ac-V4Y/H9A Ac-I [CVYQDWGAHRC] T-NH, 16 40
24 Ac-V4AW/HOA Ac-I [CVWQDWGAHRC] T-NH, 45 49

# Analogues are arranged in order of increasing activity.

® Brackets denote cyclization through a disulfide bridge of Cys2—-Cys12. One-letter amino acid code is
used for simplicity. Compstatin, compstatin ring, and acetylated compstatin are in boldface italic. Amino
acid replacements in each analogue compared to compstatin are in boldface.

¢ Approximate relative activities. Small deviations from published data are owed to subsequent repeat
measurements using different assays.

study?* measured the direct generation of the C3bBb convertase using
surface plasmon resonance, in a step-wise manner by repeating factor B,
factor D, and C3 reactions, followed by addition of compstatin, C34+-comp-
statin, or C3+control peptide (control was linear inactive compstatin). This
study showed no direct effect of compstatin on the C3-cleaving ability of
the C3bBb convertase. However, addition of C3+compstatin resulted in
no further increase in the formation of C3bBb in contrast to addition of
C3+control peptide that allowed generation of more C3bBb. Conceptually,
compstatin should have an indirect effect in the formation of C3 conver-
tase, which needs the C3 cleavage product C3b. C3b becomes unavailable



Structure, Dynamics, Activity, and Function of Compstatin 321

for the convertase complex formation when compstatin binds to C3 and
inhibits its cleavage. In this sense, the levels of the C3 convertase should
remain unaltered. This expectation was experimentally confirmed by the
surface plasmon resonance study of Nilsson et al.?*

3. Compstatin did not sterically obstruct the access of the C3 convertase
enzyme C3bBb to the C3a/C3b cleavage site at Arg726-Ser727.2° It was
shown that trypsin was capable of cleaving C3 in complex with an argi-
nine-free active compstatin analogue, while the C3 convertase C3bBb
failed to do so. The Arginine-free (Argl1Ala) analogue guaranteed activity
(albeit lower than compstatin) and at the same time preserved the integrity
of its backbone from cleavage by trypsin. It should be noted that this is
not a direct comparison because C3 convertase and trypsin are enzymes
of different size and shape.

4. Compstatin did not have a significant effect in the binding of properdin
to C3, suggesting that compstatin did not disrupt the formation of proper-
din-stabilized C3 convertase, C3bBbP.2

5. The inhibition of complement activation in human blood, plasma, and
serum was owed to C3 binding and not to proteolytic cleavage of comp-
statin resulting in a smaller or a linear peptide. Proteolytic cleavage is
possible at *H;N-Ile1-Cys2 and Argl1-Cys12 peptide bonds, but not at
the blocked (and neutral) carboxy-terminus Cys12-Thr13-NH, peptide
bond. Compstatin showed limited proteolytic cleavage, which was slow
at Ile1 (rates of 0.03% per minute at 37°C and 0.01% per minute at 22°C)
and very slow at Argl1.2225 Other biotransformation products were not
observed for compstatin as opposed to a linear analogue (with Cys to Ala
replacements) that was efficiently processed starting from the amino-
terminus.?? This led to the hypothesis that the cyclic nature of compstatin
prevents its enzymatic processing beyond Ilel.

The fact that compstatin inhibited 50% of the alternative pathway complement
activity at a concentration only about twofold higher than the concentration of C3
in normal human serum makes it a promising candidate for potential therapeutic
use.? The exact mechanism of inhibition is still unknown and possibly involves
several subtleties. It is remarkable that compstatin exhibits inhibition of activation
of complement from humans and primates (six monkey species were tested) but not
from lower mammalian species.?02027 Specifically, compstatin did not inhibit acti-
vation from pig, rabbit, guinea pig, rat, and mouse complement.?® Also, in surface
plasmon resonance experiments, compstatin did not exhibit binding to human C4
and C5, which are sequence and structural homologues of C3.2 It was shown that
the lack of mouse complement inhibition by compstatin is owed to differences in
mouse and human C3, rather than to differences in other complement components
involved in activation.?® Experiments with reconstituted human C3 in C3-deficient
mouse serum restored the inhibitory activity of compstatin, supporting the observa-
tion that it is specific to human (and primate) C3.2° It is possible that there are
structural differences between human and mouse C3 despite the high degree of
sequence similarity of their C3. The specificity of compstatin requires nonhuman
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primates or transgenic mice expressing human C3 for the testing of its in vivo
efficacy.

Attempts to identify sequence similarity between compstatin and a fragment of
another known protein have failed.'®?® The longest sequence segment of compstatin
that matched a sequence segment of another protein in a BLAST?® database search
was Val-Val-GIn-Asp-Trp-Gly.!® This segment is part of the active site cavity of
haloalkane dehalogenase and we believe that the similarity is fortuitous.

IV. COMPSTATIN APPLICATIONS

Compstatin has been shown to inhibit in vifro complement activation in human
blood, plasma, and serum.?*-?2 It has also been shown that compstatin is stable (from
enzymatic processing) in human blood, plasma, and serum. The acetylated form of
compstatin (see below) had half time of 24 hours at 37°C in human blood.?? In
addition, compstatin has been tested to be effective in several models of potential
clinical relevance. Compstatin has shown promise to control complement activation
during or after cardiac surgery and cardiopulmonary bypass. Activation of the com-
plement system occurs because of the formation of heparine/protamine complexes,
bioincompatibility with plastic material in extracorporeal blood circulation, and
because of reperfusion of ischemic tissues with blood. An in vivo study using
baboons showed that compstatin inhibited heparine/protamine-induced complement
activation without adverse effects in heart rate or systemic arterial, central venous,
and pulmonary arterial pressures in a model of cardiac and postcardiac surgery.? In
another study, compstatin was successfully tested in two models of extracorporeal
contact of whole blood with polymer surfaces of tubing loops and microscope
slides.?* It was shown that compstatin inhibited the generation of C3a and soluble
membrane attack complex and the binding of C3b and polymorphonuclear leuko-
cytes in the polymer surface. It was also shown that blood cell counts were not
affected in these studies. In another study, compstatin was successfully tested for
complement inhibition by polymeric material.’® In all cases of this study, compstatin
was effective in reducing biomaterial-mediated neutrophil activation independent of
polymer surface type.

Complement has been implicated in transplantation rejection, because uncon-
trolled complement activation can result in ischemia/reperfusion injury and postis-
chemic organ damage (reviewed in Reference 31). Compstatin was successfully
tested as a possible delay or prevention agent for hyperacute rejection in an ex vivo
model of xenotransplantation.?>3 It was shown that compstatin prolonged the sur-
vival of porcine kidneys perfused with human blood. Comparison with control
experiments did not show significant differences in leukocyte activation, platelet
counts, thrombospondin, soluble P-selectin, and -thromboglobulin.3?33

In other applications compstatin blocked Escherichia coli-induced oxidative
burst of granulocytes and monocytes, complement activation, and secretion of cyto-
kine IL-8 in human whole blood.?* Also, compstatin inhibited C-reactive, protein-
induced complement activation on cell line SH-SY5Y.%

An AstraZeneca Pharmaceuticals study?’ confirmed the activity of compstatin
and several of the results were reported in Sahu et al.?>2? and Morikis et al.?!?3 This
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study examined several analogues of compstatin, some with acetylation at the amino-
terminus and some with D-amino acids. This study also presented an additional
proof that complement activation inhibition by compstatin was because of its effect
on C3 and not because of an effect on the alternative pathway C3 convertase C3bBb.?’
This was accomplished using an alternative assay with a C3 convertase consisting
of a complex of cobra venum factor (CVF) with factor Bb, CVFBb. Complement
inhibition using this assay was comparable to standard hemolytic immunoassay with
C3bBb convertase complex. The AstraZeneca study also reported that compstatin
was not significantly cytotoxic, and showed little or no inhibition of clotting or
inhibition of key enzymes in the clotting cascade. Finally, this work reported a
limited species specificity study for compstatin.?’

V. STRUCTURE AND DYNAMICS OF COMPSTATIN

Structural studies of compstatin and analogues were performed using nuclear mag-
netic resonance (NMR) spectroscopy.?!?*2>4 NMR is efficient for data collection of
numerous compounds or peptide analogues in solution that are generated during the
process of a drug design project. The flexibility of small peptides in solution is
challenging for crystallization and amenability to x-ray crystallographic studies.
NMR does not have this limitation, as it can study molecules in solution. Indeed,
NMR not only can be used to determine the three-dimensional structure, but it is
also the experimental method of choice to explore the dynamic nature of peptides
in solution. As opposed to general practices that focus on the use of static three-
dimensional structures and structure—activity correlations, we believe that dynamics
play a key role in function or activity. This is more obvious in the case of small
ligands, peptides, drugs, and small substrates in solution, which are highly flexible
and span complex conformational spaces. Our NMR studies are complemented or
extended (certain properties can even be predicted) by the use of computational
methods, such as energy minimizations, molecular dynamics simulations, and elec-
trostatic calculations. Indeed, computational methods are an integral part for the
determination, and/or refinement, of three-dimensional structures by NMR or x-ray
crystallography. Furthermore, these structures can be used as starting points to
theoretically study local or global motions that are not easily accessible by experi-
ment. We should note that the high efficiency of NMR is limited to small peptides
free in solution. This efficiency breaks down in the study of protein—peptide com-
plexes for which typically cocrystallization is necessary for crystallographic studies,
or elaborate NMR schemes are necessary when the overall molecular mass of the
complex is not prohibiting for NMR studies.

The structure of a major conformer of compstatin was determined using two-
dimensional NMR spectroscopy by Morikis et al.?! and is deposited in the Protein
Data Bank (PDB)*¢ with code 1A1P. NMR observables, such as chemical shifts,
3T unane coupling constants, and nuclear Overhauser effects (NOEs) suggested con-
formational averaging?' (discussed in text and supplementary material of Reference
21). This was not unusual since it is well known that small peptides in solution form
ensembles of interconverting conformers. In certain instances, particularly for cyclic
peptides, a conformation with high population is detectable by NMR and amenable
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FIGURE 14.1 Ribbon representations of the families of compstatin structures derived from
nuclear magnetic resonance (NMR) spectroscopy with hybrid distance geometry/simulated
annealing methodology,?' global optimization methodology,”” and molecular dynamics sim-
ulations.*® The structures in each family are superimposed using the backbone heavy atoms,
N, C¢, C, between residues 2 and 12. (A) Superimposition of the family of 21 NMR structures
(grey), the average minimized NMR structure (black), and the global optimization structure
(dark grey). The conformation is coil with type I B-turn (23 models in total). (B-F) Super-
impositions of the families of five interconverting conformers of compstatin determined after
1 ns of molecular dynamics simulations. The following conformations were identified: (B)
coil with type I -turn (10 models), (C) p-hairpin with type I B-turn (4 models), (D) p-hairpin
with type II' B-turn (5 models), (E) B-hairpin with type VIII B-turn (2 models), and (F) coil
with a-helix (2 models). Molecular graphics for this and subsequent figures were made with
computer software MOLMOL.>! Coordinates from structures with PDB code 1A1P (NMR
ensemble) and companion CD codes ACST (average minimized NMR structure), CST_GOS
(global optimization structure), and COMS_MD44, COMS_MD22, COMS_MD17,
COMS_MD9A, and COMS_MD9B (molecular dynamics structures).

FIGURE 14.2 Superimpositions of the f-turn segment, GIn5-Asp6-Trp7-Gly8, of the fami-
lies of compstatin structures determined by nuclear magnetic resonance (NMR)
spectroscopy?'¥” and molecular dynamics (MD) simulations.® (A) NMR/type I B-turn (23
models including the average minimized and global optimization structures). (B) MD/type |
B-turn (14 models from both coil and B-hairpin families). (C) MD/type II' B-turn (5 models).
(D) MD/type VIII B-turn (2 models). The following color atom code has been used: black
for oxygen, light grey for nitrogen, grey for carbon, and white for hydrogen. Molecular
graphics and coordinates as in Figure 14.1.
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FIGURE 14.3 Space-filling representation of the lowest energy structure of compstatin from
nuclear magnetic resonance data.?! The structural orientations in panels (A) and (B) are related
by a 90° rotation as shown. Residues with hydrophobic character (Ilel, Cys2, Val3, Val4,
Trp7, Cys12, Thr13) are drawn in black, and polar residues are drawn in grey (including
amino-terminal group NH;* and carboxy-terminal blocking group NH,). The amino-terminal
NH;* group disrupts the hydrophobic cluster (see text). (Coordinates from PDB code 1A1P.)

to structure determination. This was the case of compstatin. A family of 21 low
energy NMR structures was calculated using hybrid molecular dynamics/simulated
annealing computational methodology and NMR-derived restraints. The structure
of compstatin was also calculated using a novel global optimization methodology
and a subset of the NMR-derived restraints.’” Figure 14.1A shows a superimposition
of the family of 21 NMR structures of compstatin, the average minimized NMR
structure, and the global optimization structure. Compstatin forms a coil conforma-
tion with a type I B-turn (Figures 14.1A and 14.2A). The B-turn spans residues Gln5-
Asp6-Trp7-Gly8 located opposite to the disulfide bridge of Cys2-Cys12 (Figures
14.1A, 14.2A). The disulfide bridge is part of a hydrophobic cluster at the surface
and limited core of compstatin, spanning residues Ile1-Cys2-Val3-Val4/Cys12-
Thrl3, and the pB-turn is part of the remaining polar part. Figure 14.3 shows the
relative topologies of the hydrophobic and polar residues, and the $-turn and disulfide
bridge. Figure 14.4 shows a map of the electrostatic potential on the surface of
compstatin. The calculation of the electrostatic potential of compstatin involved
charged side chains Asp6 and Argll and the charged amino-terminal group NH;*.
Figure 14.4 also depicts surface grooves or ridges at different orientations.

Figure 14.5A shows the backbone and clustering of side chains for the cyclic
ring of compstatin between residues 2 and 12, using the NMR structure.?! Interest-
ingly, the side chain of Trp7 bends over and caps the p-turn, in a nearly orthogonal
orientation to the backbone plane. The orientation of the Trp7 side chain shows
directional preference for the phenyl ring towards the side chain of Val4, although
at distances greater than 6 A from Val4, and directional preference for the indole
ring towards the solvent. Other main features of the structure are the orientation of
Val4 and His9 towards the interior of the cyclic ring of compstatin, the extension
of the side chains of GIn5 and Asp6 to opposite directions, the clustering of Val3
with Cys2-Cys12, and the disorder of His10 and Argl1 (Figure 14.5A). Figure 14.5B
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FIGURE 14.4 Molecular (contact) surface representation with mapped electrostatic potential
of the lowest energy structure of compstatin from NMR data.?! The structural orientations in
the various panels are related by 90°- or 180°-rotations as shown. In (A) and (B), the
orientations of compstatin are as in Figure 14.3A and B. (C) Top view of the p-turn. (D)
Bottom view of the disulfide bridge. The location of the amino-terminal NH;* group (see
discussion in text) is shown by an arrow. Black represents negative potential, dark grey
represents positive potential, and light grey represents zero potential. (Coordinates from PDB
code 1A1P)

through D shows the relative topology of groups of side chains in the absence of
the backbone.

Figure 14.6 shows the backbone of the best-defined structural segment of comp-
statin Val3-Val4-GIn5-Asp6-Trp7-Gly8-His9. This segment is best defined because
of low root mean square deviation (rmsd) for backbone and side-chain atoms (Figure
14.5A-D), owed to the observation of long-range NOEs involving side chains?!
(discussed in text and supplementary material of Reference 21). The rmsd is a
measure of the precision of the NMR structure. The long-range NOEs are responsible
for the NMR-based “computational folding” of the peptide. The remaining part,
Ile1-Cys2/His10-Arg11-Cys12-Thr13-NH,, is less structured and possibly more
flexible because long-range NOEs were not observed in the NMR data.

Subsequent studies of molecular dynamics simulations demonstrated the pres-
ence of several interconverting conformers.’® The family of 21 NMR structures, the
average minimized NMR structure, and the global optimization structure were used
as input structures for the simulations. Twenty-three molecular dynamics trajectories
were calculated for a total of 1 ns of simulation time. At 1 ns, an ensemble of five
families of conformers were identified with variable populations (Figure 14.1B-F).
These were: (a) coil with type I B-turn (Figure 14.1B and 14.2B), 43.5% of popu-
lation; (b) P-hairpin with type I p-turn, 17.4% of population (Figure 14.1C and
14.2B); (c) p-hairpin with type II' B-turn, 21.7% of population (Figure 14.1D and
14.2C); (d) B-hairpin with type VIII B-turn, 8.7% of population (Figure 14.1E and
14.2D); and (e) coil with a-helix, 8.7% of population (Figure 14.1F).38
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FIGURE 14.5 Relative topology and structural precision of important clusters of side chains,
using the family of 21 nuclear magnetic resonance structures of compstatin.' (A) Side chains
within the cyclic ring comprise residues 2 to 12. Residues Ilel, Thr13, and NH, blocking
group have been deleted for clarity. Hydrogen atoms have also been deleted for clarity. The
backbone is shown to facilitate tracing the sequence and structure. The -turn, GIn5-Asp6-
Trp7-Gly8, is drawn in grey; the hydrophobic cluster, Cys12-Cys2-Val3-Val4, is drawn in
dark grey; and the remaining polar segment, His9-His10-Argl1 is drawn in light grey. (B)
Side chains of the hydrophobic cluster and B-turn of compstatin. Hydrophobic cluster residues
within the cyclic ring Cys12-Cys2-Val3-Val4 and $-turn residues GIn5-Asp6-Trp7 are drawn.
Hydrogen atoms are shown. (C) Side chains of ring-containing residues Trp7, His9, and His10.
Hydrogen atoms are shown. (D) Side chains of -turn residues GIn5-Asp6-Trp7 and flanking
residues Val4, His9. The turn-flanking positions have been optimized to yield analogues with
higher activity, using rational and experimental and computational combinatorial design.
Hydrogen atoms have been deleted for clarity. Different but consistent tones of grey have
been used for each residue in panels (B) through (D). (Coordinates from PDB code 1A1P.)

In both studies, NMR and molecular dynamics, the structure of the major
conformer of compstatin was coil with type I -turn. The population of the major
conformer of compstatin was estimated to be 42% to 63% by the NMR data, using
3T gnone coupling constants of residues 2 and 3 (Asp6 and Trp7) of the type I f-turn.?!
This is in agreement with the population of the major conformer of the molecular
dynamics simulations, which was 43.5%.%

The molecular dynamics data provided additional quantitative measurement of
the conformational interconversion of compstatin.’® The conformational switch was
possible with small amplitude motions of the backbone atoms in the range of 0.1
to 0.4 A. These motions demonstrate the spatial similarity of the identified distinct
conformers. Also, the conformational switch involved crossing of free energy barriers



328 Structural Biology of the Complement System

FIGURE 14.6 Superimposition of the family of 21 nuclear magnetic resonance structures,?'
using only the best-defined segment. This segment comprises residues 3 to 9 and was assessed
as “best defined” because of the presence of long-range nuclear Overhauser effects. The
following color atom code has been used: black for C' = O bond, grey for C*~C" and C*-N
bonds, and white for N-H bond. (Coordinates from PDB code 1A1P.)

in the range of 2 to 11 kcal/mol. The calculated gain or loss of free energy corre-
sponds to the formation or deformation of one to six hydrogen bonds, associated
with structure formation and deformation. These hydrogen bonds could be inter-
strand stabilizing B-hairpins, intrahelical stabilizing turns of a-helices, or other
hydrogen bonds involving side chains. Compensatory effects involving back-
bone-backbone, side chain—backbone, or side chain—side chain hydrogen bonds may
be present contributing to the overall free energy value.

VI. SEQUENCE-STRUCTURE-ACTIVITY
CORRELATIONS

Table 14.1 shows that the flanking residues of the ring structure contribute to
increased activity by around two- to threefold.?' This finding demonstrates that
although the activity of compstatin is owed to the sequence and structure within the
11-membered ring, the 13-membered peptide is amenable to optimization.

An alanine scan was performed for every residue within the cyclic loop of the
analogue that lacked the loop-flanking terminal residues, [Cys-Val-Val-Gln-Asp-Trp-
Gly-His-His-Arg-Cys]-NH,.?! Also, Cys2 and Cys12 were replaced by Ala to form
an inactive linear analogue with ring-flanking residues.?> These studies showed
replacement of His9 by Ala yielded about a twofold more active analogue, while
replacements of Val4, His10, and Argll by Ala yielded about twofold less active
analogues. Finally, replacements of Cys2, Val3, GIn5, Gly8, and Cysl12 by Ala
yielded analogues that were inactive (an experimental limit of 18-fold loss or more
was set to define inactivity using alternative pathway assays).?!?> Also, replacement
of Asp6 and Trp7 by Ala resulted in lower activity, yielding about eightfold and
sixfold less active analogues.?! A similar study with the 13-membered unblocked
compstatin confirmed these results with the exception of Trp7Ala replacement, which
yielded an inactive analogue, and Asp6Ala replacement, which yielded an approx-
imately fivefold less active analogue.”’” The small differences may be related to
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different cutoff values defining inactivity, or differences in peptide length and ter-
minal blocking, or assay differences in the two studies.

Interestingly, there was a correlation between the residues that resulted in loss
or significant reduction of activity, and their location in the part of the structure of
compstatin that was important for structural stability, the disulfide bridge/hydropho-
bic cluster and pB-turn. This was the first sequence—structure—activity correlation that
formed the basis for optimization of the sequence of compstatin.?!?* Based on the
structural stability and sequence—activity data, it was judged that residues Cys12-
Cys2-Val3 of the hydrophobic cluster and GIn5-Asp6-Trp7-Gly8 of the -turn were
indispensable for high inhibitory activity. Figures 14.3 and 14.5 show the spatial
clustering of the two sets of residues in the NMR structures. It was hypothesized
that the hydrophobic cluster and the B-turn were important for binding to C3. The
remaining six residues — Ilel, Val4, His9, His10, Argl1, and Thr13 — were thought
to be amenable to further optimization.!'>17:21:23

VII. FIRST GENERATION OF RATIONAL DESIGN OF
COMPSTATIN ANALOGUES

A major breakthrough at the time was the discovery that acetylation at the amino-
terminus produced a threefold increase in activity (Table 14.1).22?7 This analogue
was called Ac-compstatin.??> Originally, acetylation was used to block limited slow
proteolytic cleavage of Ile1, which has a backbone NH;* group.?? Later it was shown
that compstatin and Ac-compstatin maintained their integrity in diluted human serum
within 5% of peptide quantity in an experiment that lasted 25 minutes.? This result
was expected, considering the 0.03% per minute (37°C) biotransformation rate at
Ilel in human blood, for Ac-compstatin.?? Yet inhibition experiments that were
conducted within 25 minutes from adding compstatin in hemolytic assays, showed
that Ac-compstatin was threefold more active than compstatin. This means that an
additional mechanism is the main contributor to the higher activity produced by
acetylation.

Interpretation of the mechanism for the increased activity of Ac-compstatin was
based on the structure of compstatin. The positive charge of the unblocked amino-
terminus was disruptive of the hydrophobic clustering at the linked termini, which
was thought to participate in binding to C3 through favorable hydrophobic interac-
tions. It was hypothesized that removal of the positive charge by blocking with the
acetyl group strengthened the hydrophobic clustering and the interaction with C3,
thus increasing the activity.?> To prove the charge elimination hypothesis two ana-
logues were designed, which reincorporated charge at the side chain now of residue
1 in Ac-compstatin, imitating the presence of charge in the unblocked peptide. In
one analogue, Ilel was replaced by Arg introducing a positive charge to disrupt the
hydrophobicity of the termini, and in the other analogue Ilel was replaced by
negatively charged Asp.”> The Ac-Ilel Arg analogue showed about a twofold reduc-
tion of inhibitory activity (Table 14.1) in agreement with the about threefold increase
observed upon acetylation; the small difference is owed to the spatial location of
the charge at the side chain instead of the backbone. The Ac-llelAsp analogue
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showed an approximate fivefold reduction in inhibitory activity (Table 14.1), sug-
gesting that a negative charge is less favorable than a positive charge in this region.

A retro—inverso analogue of compstatin that was resistant to proteolytic cleavage
was tested and found inactive?? In a retro—inverso analogue, all natural L-amino acids
are replaced by their corresponding D-amino acid isomers, which are resistant to
proteolysis, and the order of the sequence is reversed. The side chains retain the
orientation of the L-amino acids but the backbone amide and carbonyl groups are
reversed.*® The inactive compstatin analogue had the sequence [DCys-DVal-DVal-
DGIn-DAsp-DTrp-DGly-DHis-DHis-DArg-DCys]. This observation supported the
hypothesis that the B-turn part of the backbone was essential for activity.? The
significance of the B-turn was further tested. Analogues that were expected, because
of their propensities, to alter the 3-turn type* or were shown by NMR to alter or
abolish the B-turn? were inactive. Analogues with D-amino acids within the p-turn
were also tested,???’ but they were inactive, with exception of Gly8DAla replace-
ment, which showed some activity.”’

VIII. SECOND GENERATION OF RATIONAL DESIGN
OF COMPSTATIN ANALOGUES

In our efforts to identify the contribution of individual compstatin residues to struc-
tural specificity and stability we designed a number of analogues that aimed to
perturb the previously identified key structural elements. These were the disulfide
bridge, the p-turn, and the hydrophobic cluster.!”?223 The structural perturbations
aimed to enhance, disrupt, or alter the structure and dynamic character of compsta-
tin.?> The designed analogues were studied by 2D NMR spectroscopy, their spectra
were compared to the spectra of compstatin?' and Ac-compstatin,? and conclusions
on structural similarities or differences were reached. The NMR data together with
binding and inhibitory activity data allowed for structure—dynamics-binding—activity
correlations.??

Seven analogues were studied with substitutions that introduced the following
perturbations:?? (a) linearized the peptide, (b) disrupted the hydrophobic clustering,
(c) introduced flexibility inside the p-turn, (d) introduced flexibility immediately
after the carboxy-terminal end of the p-turn, (e) introduced flexibility outside both
ends of the B-turn, (f) attempted to switch from type I to type II pB-turn, and (g)
probed the role of the side chain of Trp7 in structure and activity. The NMR and
activity studies,?® in combination with previous results from the alanine scan,?! the
first round of rational design,?? and the structures of compstatin?'*’ and Ac-
compstatin® led to the following conclusions:

1. The linear analogue showed that the sequence of compstatin has propen-
sity for structure formation consistent with a turn of a 3,,-helix or a -
turn in the segment GIn5-Asp6-Trp7-Gly8, even in the absence of the
disulfide bridge.

2. The B-turn reverses the direction of the structure and the disulfide bridge
prevents the termini from drifting apart. In combination the p-turn and
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the disulfide bridge introduce an optimum separation between the two
arms of compstatin and aid in the formation of the hydrophobic cluster.

3. The hydrophobic cluster at the linked termini is involved in binding to
C3 and in activity, but alone is not sufficient for activity.

4. The type I B-turn is a necessary but not a sufficient condition for inhibitory
activity.

5. Substitutions immediately outside the two ends of the B-turn altered the
turn population but not the turn structure.

6. Flexibility of the B-turn contributes to activity.

7. The sequence of f-turn residues Gln5-Asp6-Trp7(Phe7)-Gly8 is specific
for turn formation but only the sequence GIn5-Asp6-Trp7-GlyS is specific
for activity.

8. Trp7 is likely to be involved in direct interaction to C3 but not of hydro-
phobic type. It was speculated that Trp7 may be participating in comp-
statin-C3 binding as a possible hydrogen bond donor through its indole
amide. However, subsequent studies showed that even if this was the case,
additional contributions may be present involving m—x interactions owed
to aromatic ring stacking and/or m—cation interactions (see below).

Two of the seven analogues studied by NMR showed higher inhibitory activity
than compstatin by factors of about three- and fourfold (analogues 15 and 17,
respectively) (Table 14.1).2* One of them, Ac-V4A/H9A/T13I, has a more flexible
B-turn because of the presence of flanking Ala residues, and enhanced hydrophobic
cluster because of Thr13lle replacement. The simplicity of Ala side chains allows
for more backbone conformational freedom; and Ile is more hydrophobic than Thr,
which has mixed hydrophobic and polar character because of its methyl and hydroxyl
groups, respectively. The other analogue, Ac-H9A, also had a slightly higher degree
of flexibility than compstatin. Both of these higher activity analogues demonstrated
that sequence positions 4 and 9 were amenable to further optimization. This was a
major breakthrough, as evidenced by the successful subsequent experimental and
computational combinatorial designs?>4*#! (see below).

Fine-tuning of the design was performed by introducing conservative replace-
ments in the sequence of compstatin at positions 1, 3, 5, 6, 11, and 13.23 Activities
of the conservative replacement analogues were measured but without parallel NMR
studies, as we reasoned that the structures of these analogues would not deviate
much from the structure of compstatin. All of the conservative replacement analogues
were active, with two of them showing higher activity than compstatin. These were
Ac-Q5N and Ac-T13I with about threefold and fourfold higher inhibitory activity
(Table 14.1, analogues 14 and 16, respectively). Overall, the fine-tuning showed that
Val is slightly preferred than Leu at position 3 (Table 14.1, analogue 9); Asn is
equally preferred as Gln at position 5 (Table 14.1, analogue 14); Arg is preferred
than Lys at position 11 (Table 14.1, analogue 6); and Ile is preferred than Thr at
position 13 (Table 14.1, analogue 16). (Note that these arguments are made from
comparisons with Ac-compstatin, analogue 13.) Special attention was paid to Argl1
replacements to address the effect on activity of proteolytic cleavage during biotrans-
formation of compstatin. It was shown that Arg was the most preferred amino acid
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at position 11, although analogues with Argl1Ser and double His9Ala/Argl1Ala
replacements were also active (Table 14.1, analogues 4 and 10, respectively). One
of the very first analogues of ring-only compstatin with Argl1Ala replacement was
also active;? but, an analogue with D-Argl11 instead of Argl1 was inactive.? Exam-
ination of the activities of analogues with double or more replacements (Table 14.1)
suggested contribution of compensatory effects and fine pairwise interactions among
side chains in activity.?

Based on the NMR and inhibitory activity studies a sequence template was
constructed of the type Ac-Xaa-[Cys-Val-Xaa-Gln-Asp-Trp-Gly-Xaa-Xaa-Xaa-
Cys]-Xaa-NH,, where the six amino acids named Xaa were deemed amenable to
further optimization and the remaining seven amino acids were deemed indispens-
able for activity.!” This sequence template, called active sequence template hereafter,
was used in subsequent experimental combinatorial design® (see below) and together
with the NMR structural template was used for subsequent computational combi-
natorial design‘®*! (see below).

IX. SECOND GENERATION OF EXPERIMENTAL
COMBINATORIAL DESIGN

A second round of phage-displayed design was performed® using the active
sequence template Ac-Xaa-[Cys-Val-Xaa-Gln-Asp-Trp-Gly-Xaa-Xaa-Xaa-Cys]-
Thr-NH,, which was derived from the rational design. The use of phage-displayed
random peptide libraries has also been called experimental combinatorial design'
to distinguish it from computational combinatorial design (see below). Only position
Xaa was randomized, where Xaa represents any amino acid. The combinatorial gene
sequences NNS-TGC-GTG-NNS-CAG-GAC-TGG-GGC-(NNS);-TGC-NNS, were
displayed at the amino-terminus of the phage.? In these sequences, N represents
any of the four nucleotides, A, C, G, T, and S represents C, G, T, in equal molar ratios.

This search resulted in four active clones.?” Synthetic peptides with the sequence
of the active clones were tested for activity and showed that one of them was about
half as active as compstatin and the other about fourfold more active than compstatin
(Table 14.1, analogues 3 and 18, respectively). The innovation in these two analogues
is the incorporation of side chains with aromatic rings at positions 4 and 9, such as
Phe4 (Table 14.1, analogue 3) and Trp9 (Table 14.1, analogue 18). The remaining
two analogues showed His and Asp at position 4, but their activity was lower and
much lower, respectively, compared to analogues 3 and 8 of Table 14.1. We have
speculated that electronic effects owed to the relative orientation (stacking) of the
ring of Trp7 and Trp9 (Table 14.1, analogue 18) or Phe4 and Trp7 (Table 14.1,
analogue 3) were contributors to activity. The electronic effects may be of the type
of n—m dipole—dipole or dipole-induced dipole polarization interactions or m-cation
or m—m-cation interactions with a possible cation (in Arg, Lys, or charged His side
chains) located on the C3-binding site. The possibility of structure stabilization with
m-cation interactions within compstatin, involving Argl1l or one of the histidines,
was also considered; but this was not supported by the NMR or MD structures of
compstatin.® In addition, theoretical calculations of apparent pK, values of ionizable



Structure, Dynamics, Activity, and Function of Compstatin 333

residues showed that His9 and His10 were predominantly neutral at physiological
pH (D. Morikis and J.D. Lambris, unpublished data), which excludes a contributing
cation from their side chains.

NMR studies of the most active analogue of the second round of phage-display
design, Ac-I1L/H9A/T13G (Table 14.1, analogue 18), showed that its structure was
consistent with the structure of Ac-compstatin.?® This observation excludes structural
changes from being responsible for the increased activity of the analogue. It should
be noted that both the rational design and experimental combinatorial design yielded
fourfold more active analogues than compstatin (Table 14.1, analogues 17 and 18,
respectively), involving His9Ala and His9Trp replacements. Since Ala and Trp have
very different side chains, it is possible that they contribute to activity through
different mechanisms. For example, Ala9 in the Ac-His9Ala analogues introduces
flexibility that facilitates binding; and the orientation of Trp9 relative to Trp 7 in the
Ac-TI1L/H9A/T13G analogue contributes to favorable electronic interaction of the
rings of the two tryptophans that promotes better binding. In addition to possible
involvement of the aromatic rings of Trp residues in binding and inhibitory activity,
hydrogen bond formation involving either or both Trp7 and Trp9 as donors was also
considered as possible.

X. FIRST GENERATION OF COMPUTATIONAL
COMBINATORIAL DESIGN

Compstatin was used as the first test case***2 for a novel computational combinatorial
methodology for drug design developed by the Floudas group.’’#*#7 The method-
ology involved two steps, one at the sequence selection level and another at the
structure validation level. The first step was based on a mixed-integer linear opti-
mization algorithm that used a distance-dependent backbone potential with implicit
inclusion of side chain interactions and specificities.’”*® The algorithm selected and
ranked several possible sequences that were compatible with a structural template
that provides the Co—Ca inter-atomic backbone distances. The second step was
based on a global optimization algorithm that used a full-atom force field.*** The
algorithm calculated ensemble probabilities for the selected sequences applied on
flexible structural templates.’” In the first step the active sequence template of
compstatin, Ac-Xaa-[Cys-Val-Xaa-Gln-Asp-Trp-Gly-Xaa-Xaa-Xaa-Cys]-Thr-
NH,,23234041 which was identified by rational design, was used (see above). This is
the same sequence template that was used in the second round of experimental
combinatorial design (see above). Also, in both first and second steps, structural
templates from the NMR-derived structures of compstatin were used. The averaged
NMR structure provided the structural template in the first step and the family of
NMR structures provided the flexible templates of the second step, with flexibility
being determined by the structural variation of the family of NMR structures. The
underlying assumption of this approach was that amino acid specificity (first step)
and the predicted increase in fold stability and specificity (second step), were cor-
related with increase in functionality, while structural characteristics essential for
function were maintained (in active sequence and structural templates).
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The active sequence template of compstatin that allowed optimization of 6 out
of 13 residues was used to reduce the combinatorial challenge of the problem. The
number of possible combinations becomes astronomic as the number of residues is
increased in systematic computational combinatorial optimization. This is not so
much of an issue in experimental combinatorial design, where the phage-displayed
libraries are constructed in a random manner, which resembles an evolutionary
optimization. For example, if we allow that the number of combinations for the 20
amino acids in a dipeptide is 20> = 400. For a tripeptide, the number is 20° = 8000;
for a six-residue peptide, 20° = 64,000,000; and for a 13-residue peptide, 20'3 = 8.2
x 10'%. To further reduce the combinatorial challenge, small amino acid groups,
formed by common physicochemical properties, were used in the calculations for
the six positions amenable to optimization.**#! The hydrophobic amino acid set (Ala,
Phe, Ile, Leu, Met, Val, Tyr) was used for positions 1, 4, and 13. Partially hydrophobic
Thr was also added to the hydrophobic set for position 13 to account for the parent
peptide residue at this position. With the exception of Cys and Trp, all remaining
18 amino acids were allowed for positions 9, 10, and 11.

The results were impressive, predicting several active analogues.***! Five of
these analogues were found to be 6- to 16-fold more active than compstatin (Table
14.1, analogues 19-23). A common characteristic of these five analogues is the
presence of Tyr at position 4, a first-time finding. Another finding is the presence
of Phe at position 9 in two of these analogues, while the remaining three maintained
Ala at this position. It is possible that the pair Tyr4-Trp7 or the triplet Tyr4-Trp7-
Phe9 play key roles in the activity of compstatin.

The computational combinatorial design results (Table 14.1)44! were consistent
with the findings of the experimental combinatorial design that also identified aro-
matic ring residues at positions 4 and 9 (Table 14.1).%5 The most active analogue
identified by the computational combinatorial methodology is Ac-V4Y/H9A, which
combines the replacements of Val4Tyr and His9Ala (Table 14.1, analogue 23).

XI. DESIGN OF MOST ACTIVE PEPTIDE ANALOGUE

The successes of the three approaches — rational, experimental combinatorial, and
computational combinatorial design — used in the optimization of compstatin
prompted a critical examination of the replacements at positions 4 and 9 that showed
increased activity upon replacement with residues containing aromatic rings. When
an analogue was designed with Trp at position 4 and Ala at position 9, it showed a
~45-fold higher activity than compstatin.*® The Ac-V4W/H9A is currently the pep-
tide analogue of compstatin composed of all-natural amino acids with the highest
inhibitory activity (Table 14.1, analogue 24). It should be noted that Trp was not
included in the first round of computational combinatorial design for technical
reasons, but was also predicted in a subsequent round of computational combinatorial
design.*? Structural studies by NMR and structural and dynamics studies by molec-
ular dynamics simulations have been performed to explore structure—dynam-
ics—activity correlations.* A molecular dynamics simulation has shown the presence
of aromatic ring interaction between Trp4 and Trp7 in the most active analog with
natural amino acids, Ac-V4W/H9A (see Table 14.1, analogue 24).4
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The identification of aromatic residues at positions 4 and 9, in addition to Trp
at position 7, in analogues with higher inhibitory activity has led us to design a
series of hybrid peptide—peptidomimetic analogues containing non-natural amino
acids. Non-natural amino acids were incorporated to test our hypotheses for the
importance of possible aromatic ring interactions or aromatic ring cation interactions
for structural stability, binding, or activity, or the involvement of Trp or Tyr residues
in hydrogen bond formation. Several of these analogues have shown high inhibitory
activity.* Currently, the most active analogue with non-natural amino acids shows
99-fold higher activity than compstatin.*’ This analogue, Ac-V4(2 Nal)/H9A, has 2-
naphthylalanine at position 4 and alanine at position 9. The work with non-natural
amino acids is now in press* and will be reviewed elsewhere.

XIl. BINDING KINETICS AND STRUCTURE-BINDING
RELATIONS

The technique of surface plasmon resonance (SPR) was used to determine binding
rates, binding constants, and relative affinities, using BIACORE technologies for
data collection and analysis. Kinetic measurements were a second step to study
binding in a quantitative way, once identification of inhibition and binding targets
(C3, C3b, C3c) was made using immunological assays. Three binding kinetics
studies were performed.?>2>26

In the first study, the analogue Ac-Ile-[Cys-Val-Val-Gln-Asp-Trp-Gly-His-His-
Arg-Cys]-Thr-Ala-Gly-His-Met-Ala-Asn-Leu-Thr-Ser-His-Ala-Ser- Ala-Lys-biotin,
immobilized on the sensor chip through biotin, was chosen for binding kinetic
measurements.?>?> The 13 amino-terminal residues of this peptide corresponded to
Ac-compstatin, and the spacer peptide corresponded to the original sequence iden-
tified by the phage-displayed random peptide library. It was reasoned that the spacer
would help increase the accessibility of the active amino-terminal 13-residue peptide
segment to its target. This study showed that the selected compstatin analogue bound
to human C3, hydrolyzed C3(H,0), C3b, and C3c,? in agreement with previous
ELISA studies.?® Another peptide with sequence biotin-Lys-Tyr-Ser-Ser-Ile-[Cys-
Val-Val-GIn-Asp-Trp-Gly-His-His-Arg-Cys]-Thr-NH,, immobilized on the sensor
chip through biotin linked to the amino-terminus, failed to bind C3. Compstatin was
oriented through its carboxy-terminus in the phage when it was first discovered using
the phage-displayed random peptide library. These observations demonstrated that
a free amino-terminus is important for binding.??

In the second study, the binding kinetics against baboon C3 were measured for
the peptide Ac-lIle-[Cys-Val-Val-Gln-Asp-Trp-Gly-His-His-Arg-Cys]-Thr-Ala-Gly-
His-Met-Ala-Asn-Leu-Thr-Ser-His-Ala-Ser-Ala-Lys-biotin, which corresponded to
Ac-compstatin.?® This study also showed lack of binding to human C4 and C5, which
are homologues of C3, and mouse and rat C3.

In the third study, the binding against C3 was studied for the following three
analogues:? (a) Ac-Ile-[Cys-Val-Val-GIn-Asp-Trp-Gly-His-His-Arg-Cys]-Thr-Ala-
Gly-His-Met-Ala-Asn-Leu-Thr-Ser-His-Ala-Ser-Ala-Lys-biotin, corresponding to
Ac-compstatin; (b) Ac-Ile-[Cys-Val-Val-Gln-Asp-Trp-Gly-Ala-His-Arg-Cys]-Thr-
Ala-Gly-His-Met-Ala-Asn-Leu-Thr-Ser-His-Ala-Ser-Ala-Lys-biotin, corresponding
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to Ac-H9A (Table 14.1, analogue 17); and (c) Ac-Leu-[Cys-Val-Val-Gln-Asp-Trp-
Gly-Trp-His-Arg-Cys]-Gly-Ala-Gly-His-Met-Ala-Asn-Leu-Thr-Ser-His-Ala-Ser-
Ala-Lys-biotin, corresponding to Ac-I1L/HOW/T13G (Table 14.1, analogue 18).

A variety of interaction patterns were observed for each of the analogues and
for the different targets and species, suggesting complexity of the binding mod-
els.?22326 We will not present here detailed kinetic models, derived from the BIA-
CORE data fitting and analysis software, because they need to be cross-validated
using another method. One of the limitations of SPR is the need to attach one of
the reactants in a membrane cell to expose the flow of the other reactant over it.
This experimental arrangement restricts the diffusional movement of one of the
reactants. In addition, the evaluation of k rate is not direct. Given the limitations
of SPR, it was deemed necessary to study the kinetics and thermodynamics of
binding using an independent method such as isothermal titration calorimetry (ITC).
Both SPR and ITC measure binding against a unique target in a single reaction,
without the need for immunological assays. Immunological assays contain several
species and are prone to several possible reactions and complex binding-interaction-
activation schemes. In addition, ITC is a direct method to study binding in solution
phase without the need to attach and partially immobilize one of the reactants in
membranes. There is an upper limit for the measurement of binding constant (~10?
M-1) using ITC. Compstatin is amenable to ITC study because its binding constant
is below the upper limit. The ITC studies of compstatin binding to C3 are now in
press.>

Despite the limitations of the kinetic data, a working hypothesis was constructed
for the binding of compstatin to C3, based on structure-binding correlations.?>23
The binding site of compstatin on C3 has been broadly localized within the 40-kD
carboxy-terminal half of the 3-chain of C3 (A.M. Soulika and J.D. Lambris, unpub-
lished data). Figure 14.7 shows cartoon block diagrams of the targets of compstatin
binding, C3, C3b, and C3c, and the potential binding site. It was suggested that a
conformational change on C3 could be possible to facilitate the binding of comp-
statin.?? A working binding model?® suggested that recognition and binding of comp-
statin to C3 involves (a) interactions of the hydrophobic cluster of compstatin
(residues Ile1-Cys2-Val3-Val4/Cys12-Thr13) with a partially hydrophobic binding
site in C3; (b) shape complementarity that allows fit of the B-turn of compstatin
within the binding site; and (c) interactions of the indole and/or the aromatic ring
of Trp7 with suitable residues on C3. The latter could be hydrogen bond formation
(indole ring), r stacking or m-cation interactions (aromatic ring). Similar interactions
may be possible for Trp4 of the most active peptide analogue (Table 14.1), or other
residues with aromatic rings at positions 4 or 9).

XIll. CURRENT AND FUTURE DIRECTIONS IN
OPTIMIZATION OF COMPSTATIN

Most of the success in the optimization of compstatin was based on structure-
inhibitory activity correlations, which made available the active sequence template
used in subsequent rational, experimental combinatorial, and computational
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FIGURE 14.7 Cartoon representing C3'* with the potential binding site of compstatin. The
various fragments of C3 are shown as blocks, and interchain and interfragment disulfide
bridges are shown with lines. The approximate relative sizes (not in scale) of C3 components
are shown with variably sized blocks. The a-chain of C3 is shown in dark grey and the (-
chain is shown in light grey. The binding site of compstatin has been located within the
carboxy-terminal half of the B-chain and is represented by a black circle. (A) C3. (B) C3b,
produced after cleavage of C3a from C3. (C) C3c, produced after cleavage of C3d, C3f, and
C3g from C3b.

combinatorial design. Key roles in the progression of discovery were played by the
NMR data and their implications for structure. Determination of the structure of
bound compstatin is currently in progress (D. Morikis and J.D. Lambris, unpublished
data), and is expected to provide valuable input in the C3-compstatin binding. This
study entails the determination of bound compstatin, but not of C3, using transfer
NOE NMR data. It is expected that comparison of free and bound compstatin
structures will aid to decompose the processes of recognition and binding according
to the model A + B <= AB <= AB*, where A is C3 and B and B* are free and bound
compstatin, respectively. The first step corresponds to recognition and the second
step corresponds to binding.

A feature that has not yet been exploited is the dynamic character of compstatin
as indicated by the molecular dynamics simulation data. Molecular dynamics studies
of several analogues of compstatin have been used to identify the possible aromatic
ring and other side chain pairwise interactions (B. Mallik and D. Morikis, unpub-
lished data). Quantitation of pairwise interactions is expected to promote our under-
standing for the role of individual amino acid replacements in structural stability
and structure specificity. Thus far molecular dynamics studies were performed using
implicit solvent representation models. Simulations using solvent molecules explic-
itly have been planned and are expected to provide more accurate representation of
compstatin-solvent interaction and the involved dynamics. Molecular dynamics have
also provided us with multiple structural templates® (B. Mallik and D. Morikis,
unpublished data), which will be used as quasidynamic structural templates to design
a dynamic pharmacophore model. This pharmacophore model will be used for the
identification of peptidomimetic or nonpeptidic C3 inhibitors. Even in the absence
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of a pharmacophore model, several active hybrid peptide-peptidomimetic analogues
have been identified with rational design.*’

Accompanying data for compstatin and active analogues using isothermal titra-
tion calorimetry have been useful to explore the thermodynamics and kinetics of
binding.>® Also, cross-linking studies with photoactive labels for identification of the
C3-binding site of compstatin are now in progress. Location of the C3-binding site
will allow the expression of mouse C3 with a patch of human C3, comprising the
C3-binding site for compstatin. The chimeric C3 will be used in animal model
studies, using transgenic mice or transgenic mice expressing chimeric C3. These
animal models are expected to bypass the hurdle of lack of binding of compstatin
to mouse C3, and to eliminate the need of primates for routine in vivo studies. If
the binding site on C3 is known and the relevant C3 fragment is folded, active, and
of molecular mass suitable for NMR studies, we will pursue its three-dimensional
structure determination. If the molecular mass of the fragment is not optimum for
NMR studies co-crystallization will be attempted for structure determination by x-
ray crystallography. Knowing the active site structure will open new possibilities
for docking and quantitative structure—activity relations (QSAR) to study the mech-
anism of binding and activity, and to identify smaller nonpeptidic active molecules.
The ultimate goal is to perform in vivo studies in primates for complement inhibitory
activity and toxicity for the most potent peptide, hybrid peptide-peptidomimetic, or
nonpeptidic analogues of compstatin.
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All figures, including Figures 14.1 through 14.6 in color, and their corresponding
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global optimization, and molecular dynamics structures of compstatin (not deposited
at the Protein Data Bank) are included on the companion CD. (Courtesy of
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I. SUMMARY

C5a has long been known as an important product of complement activation, but
the extent of its pathogenic properties has only been fully appreciated more recently.
Most medicinal chemistry efforts to create potent and selective antagonists of the
human C5a receptor (C5aR) have led only to partial agonists. Since C5a itself has
a Gly at position 73, and most potent small peptide partial agonists have Pro at the
fourth position from the C-terminus, we had surmised that a turn conformation might
be important for binding of C5a to the receptor. This presumption was logical in
view of the high frequency with which peptide/protein hormones bind to their G
protein coupled receptors (GPCRs) through turn motifs, but had not been demon-
strated before for the C-terminus of C5a.
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To investigate this idea, we used two-dimensional (2D) nuclear magnetic reso-
nance (NMR) spectroscopy to determine the three-dimensional structure of a proline-
containing hexapeptide Me-FKPdChaWr! reported as an antagonist by Merck. We
found that while it had no detectable structure in water, there was tantalizing evidence
for a turn motif in the aprotic solvent DMSO-d,. It had been our experience that
DMSO and DMF often reveal structure for GPCR-binding ligands and that these
solvents can provide more useful clues than water for GPCR antagonist design. To
stabilize this turn we found that simple head-to-tail cyclizations led to pharmaco-
inactive compounds, so we resorted to an idea from our work with HIV-1 protease
inhibitors. By covalently linking the C-terminus of hexapeptides to the side chain
of a lysine at the fifth position from the C-terminus, we obtained the unusually
constrained cyclic pentapeptide scaffold [KPdChaWr], which was active when
appended to phenylalanine as in F[KPdChaWr]. The lysine was subsequently
replaced by ornithine and the stereochemistry was reversed at arginine to produce
cyclic peptides, 4b F[OPdChaWR] (3D57) and 6 AcF[OPdChaWR] (3D53) con-
taining a turn motif restrained by an 18-membered ring, five transamide bonds, Pro,
D-cyclohexylalanine, and transannular hydrogen bonding. The cyclic backbone
structurally mimics solution structures of both the C-terminus of C5a and small
peptide agonists.

This class of cyclic compounds includes potent (50% inhibitory concentration
[ICs,] ~ 1-30 nM) and selective antagonists of the G-protein—coupled C5a receptor
(CD88) on